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ABSTRACT 
Ill 
The development of ring and arc structure due to the collision of a spherical galaxy 
normal to the plane of a disk galaxy is studied with analytic and numerical models. In 
the numerical model, the disk contains one-tenth of its mass in gas and the hydrody-
namics equations are solved using the method of Smoothed Particle Hydrodynamics. 
It is found that axisymmetric collisions between equal mass galaxies produce a 
strong expanding ring with a complex three-dimensional structure. Density and ve-
locity profiles for the disk are given. Off-center collisions produce greater gas density 
enhancements in the non-nuclear portion of the disk when compared to the axisymmet-
ric case. Strong gas interactions in the off-center collisions cause the stellar and gaseous 
flows to follow separate trajectories. If star formation is associated with the strongest 
gas shocks and greatest gas densities, the morphology of ring galaxies is strongly depen-
dent on a proper treatment of gas dynamical processes. A Rayleigh-Taylor instability 
is believed to be present in the strong shock regions, which could contribute to the 
knotty structure observed in ring galaxies. 
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Chapter 1. 
Introduction 
1 
Ring galaxies are of great current interest because they offer a unique laboratory 
to study the processes that occur in more normal galaxies. Formed in the aftermath 
of a collision between two galaxies, ring galaxies have a relatively simple morphology 
which allows the interaction to be modeled with some confidence. In this way much 
can be inferred about the interaction, including the orbital parameters, the mass ratio 
of the two galaxies, and the time scales for ring formation and dissipation. 
Of significant importance, ring galaxies appear to be good systems in which to 
study at least one mode of star formation since many rings show evidence of both 
recent interaction and high levels of star formation. For example, Arp 147 has elevated 
far-infrared emission (Appleton & Struck-Marcell1987b ), strong H II emission (Sargent 
1970), and blue spectral colors (Schultz et al. 1990), all of which are indicators of recent 
active star formation. Thompson & Theys (1978) found the ring in II Zw 466 to be very 
blue, and Marcum, Appleton & Higdon (1992) found a radial color gradient between the 
ring and the center of the Cartwheel Galaxy that has been interpreted as an indication 
of progressive star formation. Thus an understanding of the time for a ring to form and 
to traverse a region of the galaxy give information about some important time scales 
for star formation. An understanding of the physical conditions in the ring and the 
galaxy as a whole will also provide important clues to the process of star formation 
following the passage of the density wave induced by a collision. 
Since this is a physics thesis, as opposed to one from an astronomy department, a 
brief description of galaxies follows. An overview of colliding galaxies is presented in 
Sections 1.2 and 1.3 and a more detailed explanation of ring galaxies and a perspective 
of how this work relates to other investigations in the field is given in Section 1.4. 
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1.1. Galaxies 
For present purposes galaxies can be considered as self-gravitating aggregates of 
matter with total masses ranging from approximately 1040 to 1045 grams or, in more 
common astronomical notation, 107 to 1012 M0 (solar masses). Stars much like our 
Sun make up most of the luminous mass in galaxies, but they also contain gas and dust 
in varying amounts. Galaxies span a large range in linear size, but are on the order of 
kiloparsecs or tens of kiloparsecs ( kpc, 3 x 1021 em or 3.26 x 103 light years). 
Galaxies are conventionally classified into two major types- ellipticals and spirals. 
Elliptical galaxies derive their name from their appearance in optical photographs and 
the canonical elliptical galaxy is composed almost entirely of stars, with little, if any, 
gas and dust. The traditional viewpoint is that the stars in ellipticals were formed at 
one epoch and have been slowly aging ever since. Individual stars travel on orbits that 
may be complicated, but the total net angular momentum of ellipticals is small. 
The spirals, like our Milky Way are the other major group of galaxies. Spiral 
galaxies are characterized by having a prominent rotating thin disk which often exhibits 
superimposed bright spiral arms. The stars in a spiral galaxy are mainly confined to 
a disk which has a surface brightness that falls off exponentially with radius and a 
relatively small spherical bulge at the center of the disk. Approximately 10 percent of 
the mass of a spiral galaxy's disk is in the form of gas, which serves as the raw material 
from which stars form. The spiral arms shine brightly at optical wavelengths due to 
the presence of very bright, recently formed groups of massive stars (OB associations) 
and H II regions - large clouds of hydrogen ionized by the intense ultraviolet radiation 
field of 0 and B stars. (The designation H II refers to ionized atomic hydrogen. Neutral 
atomic hydrogen is denoted HI in the astronomical literature.) The standard model 
for the spiral features explains them as density waves propagating through the disk 
(Lin & Shu 1964). The wave pattern speed differs from the disk rotation speed and 
when rotating gas in the disk overtakes the wave it does so at supersonic speeds, 
forming shocks and increasing the density. Because active star formation is associated 
with the spiral arms, it is reasonable to assume that the enhanced density and the 
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presence of shocks are somehow involved in the star formation process, but the details 
are uncertain. Mouschovias, Shu & Woodward (1974) describe how passage of a shock 
wave can initiate star formation. Two separate processes can occur: the shock can (1) 
implode pre-existing clouds (see also Shu et al. 1972) and/or (2) help form clouds via 
the magnetic Rayleigh-Taylor, or Parker, instability. The discussion in Mouschovias, 
Shu & Woodward provides a physical explanation for the appearance of OB associations 
as "beads on a string" along spiral arms. On more quantitative, but less physical, 
grounds Schmidt (1959) postulated that the star formation rate in galaxies scales as 
a power, n, of the local gas density. Schmidt and Field and Saslaw (1965) argued for 
n:::::::: 2, while Kennicutt (1989) finds n=l.3. 
The gas distribution in spiral galaxies is not homogeneous; the structure of the 
interstellar medium (ISM) is extremely complex. In the popular model of of McKee & 
Ostriker (1977) the ISM consists of three different phases, a hot diffuse medium, dense 
molecular clouds and a warm medium surrounding the molecular clouds. The hot ISM, 
with a temperature of approximately 105 K fills almost 70 percent of the volume. The 
details of McKee & Ostriker's model are in dispute, but the model gives a possible 
general picture of the ISM. Shu et al. (1972) view the ISM as containing HI clouds 
embedded in a hot, tenuous intercloud medium. Whatever the details, the interstellar 
medium is supported against gravity by thermal pressure, rotation, and magnetic fields, 
the latter of which, although extremely weak (pG), can play an important role in 
determining the equilibrium structure of the gas. 
The stars in galaxies can also be thought of as a compressible gas, with the kinetic 
energy of the stars providing support against gravity, analogous to a pressure. Unlike 
an ordinary gas however, stars form a collisionless system with time scales for significant 
two-body scattering on the order of the age of the universe or longer (see Binney & 
Tremaine 1987). Elliptical galaxies are supported by the random motion of their stars 
while spiral galaxy disks are maintained mainly by the centrifugal force due to rotation. 
A rotating disk of stars with no random velocities is extremely susceptible to both 
local and global instabilities. Toomre (1964) derived a stability parameter, denoted Q, 
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which describes the stability of a disk with respect to local axisymmetric perturbations. 
A value of Q greater than unity signifies stability and it is estimated that Q has the 
approximate value 1.5 locally in our galaxy (Binney & Tremaine 1987). Interestingly, 
n-body computer studies (e.g., Hohl1972, 1978; Miller 1978) have shown that velocity 
dispersions far in excess of those observed are needed to stabilize an isolated disk. 
An artificially imposed suitable gravitational potential can help hold a disk to-
gether and evidence that just such an additional gravitational force may in fact exist 
is provided by measured rotation velocities in external galaxies. From the observed 
light distribution in spiral galaxies the gravitational potential can be determined, as-
suming that light directly traces mass. This method predicts that the circular speed 
curve should rise from the center of the disk, reach a peak and then fall in a Keplerian 
fashion in the outer parts of the disk. Observations of doppler-shifted Ha absorption 
spectral lines from stars in external galaxies show that rotation speeds do not decrease 
at large radii in the disk. Further, measurements of the doppler shift in the 21- em spin 
flip transition in atomic hydrogen reveal the the rotation velocity continues to stay 
relatively constant at radii far beyond the visible disk. Presently, the most popular 
solution to this inconsistency is to postulate the existence of a spherical "dark halo" 
of unseen mass surrounding visible galaxies (see the review articles of Trimble 1987 
and Tremaine 1992). The constituent of this "missing mass" (probably better referred 
to as "missing light") has been conjectured to be anything from massive neutrinos 
and exotic elementary particles to black holes and "brown dwarfs," would-be stars not 
massive enough to ignite fusion reactions. Whatever it is, the "dark halo" is believed 
to interact gravitationally like normal matter, alleviating somewhat the disk instabil-
ity and rotation curve problems. "Dark matter"is obviously very important for any 
dynamical study of galaxies. 
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1.2. Colliding Galaxies 
Beyond their intrinsic beauty (Fig. 1.2.1), interacting galaxies are interesting be-
cause the time scale for significant changes to occur is probably 10 to 100 times shorter 
than an isolated galaxy's evolutionary time scale. Therefore it is possible to study 
cause and effect in colliding galaxies, provided that the precollision structure and orbit 
of the individual systems can be determined. Collisions which produce ring galaxies 
are important in this sense since constraints can be put on their orbital elements. 
Interactions between neighboring galaxies may play a fundamental role in the evo-
lution of both individual galaxies and groups of galaxies. Collisions can tear galaxies 
apart or merge systems together. During the epoch of galaxy formation when the 
universe was much smaller galactic interactions may have been an important factor 
in shaping the types of galaxies and clusters of galaxies that exist in our universe. 
It is no longer believed that all galaxies are isolated "island universes" which evolve 
independently of outside influences. 
While the connection between disturbed galactic morphology and the presence of 
a nearby galaxy had long been noticed (atlases of interacting systems have been pub-
lished by Arp (1966) and Arp & Madore (1987)), it was not until 1972 that a se-
ries of simple, yet elegant, experiments by Toomre & Toomre convincingly showed 
that "old-fashioned" gravity alone could produce both the long filamentary tails and 
broad connecting bridges observed in close pairs of galaxies. Subsequent work veri-
fied that interactions between more realistic models of galaxies with massive halos and 
self-gravitating disks could also reproduce morphologies similar to observations ( e.g., 
Barnes 1988). Collisions which occur with the orbit lying in the plane of a galaxy's 
disk produce different effects depending on the coupling between the angular momen-
tum of the orbit and the rotational angular momentum of the disk (Toomre & Toomre 
1972). If the orbital and disk "spin" angular momentum are aligned, long tidal arms 
are formed due to a resonance which occurs between the two-galaxy orbital period and 
an individual star's rotation period within its own disk. If the two angular momenta 
are antiparallel much less damage is done to the galaxies. 
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Figure 1.2.1: Examples of two interacting galaxy systems from the 
Arp-Madore atlas (Arp & Madore 1987). At top is an interacting triplet 
of galaxies. Below is the famous ring galaxy known as the Cartwheel. 
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Even though Toomre & Toomre used only a restricted three-body method in which 
a galaxy is modeled as a point mass surrounded by massless test particles, they nonethe-
less realized that one of the important effects of a strong interaction would be to transfer 
energy from the two body orbit of the galaxies' centers of mass into the internal dynam-
ics of the individual galaxies. They speculated that two galaxies could merge via this 
process and that the result might be the formation of an elliptical galaxy. Models of 
merging galaxies have indicated that, in fact, the transfer of energy occurs very quickly 
(Toomre 1977; White 1978, 1979; Negroponte & White 1983; Roos & Norman 1979; 
Miller & Smith 1980; Gerhard 1981; Farouki & Shapiro 1982; Villumsen 1982; Barnes 
1988, 1992). Penetrating collisions of galaxies on subparabolic orbits merge within a 
few passages and even systems on parabolic and mildly hyperbolic orbits are doomed 
to coalesce. There are both proponents and opponents of the idea that elliptical galax-
ies are formed by the collision of spiral galaxies and the issue is still not settled (see 
Tremaine 1981 ), although it does seem that at least some galaxies are the product of 
mergers. Strong interactions would be expected to be important in dense clusters of 
galaxies (Roos and Norman 1979) and in the early universe when the average separation 
between galaxies was smaller. Fried (1988) has estimated that the average non-field 
galaxy has experienced at least one significant interaction during the age of universe. 
Other effects attributed to galaxy interactions include the generation of "grand 
design" spirals similar to the galaxy M51 (Howard & Byrd 1990; Hernquist 1990), 
the presence of "shells," ripples, and "boxy isophotes" in SOs and elliptical galaxies 
(Schweizer 1980; Hernquist & Quinn 1988), "dumbbell" galaxies (Valentijn & Casertano 
1988), polar ring galaxies (Athanassoula & Bosma 1985), loss of gas to a cluster medium 
(Mair et al. 1988; Mueller, Mair & Hillebrandt 1989) and equatorial ring galaxies 
(Lynds & Toomre 1976). It has been suggested that interactions can supply fresh gas 
to the central sources of non-thermal emission in Seyfert galaxies and quasars (Sanders 
et al. 1988; Byrd et al. 1987; Hernquist 1989). Harwitt et al. (1987) and Harwitt 
& Fuller (1988) suggest that some of the excess infrared flux could be due to direct 
emission from shock heated regions. Good review articles are available by Barnes & 
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Hernquist (1992, 1993), Schweizer (1986), and Barnes, Hernquist & Schweizer (1991). 
Further details are contained in these articles and the references cited therein. 
1.3. Star Formation in Interacting Galaxies 
Collisions between galaxies do more than induce morphological changes; any gas 
present in a galaxy will be affected in ways that can lead to a number of phenomena. 
Larson & Tinsley (1978) provided evidence that anomalously high star formation rates 
are associated with interacting galaxies. Larson & Tinsley found, based on optical 
observations, that morphologically disturbed galaxies have a large scatter in colors when 
compared to normal spirals. When interpreted using models of galaxy star formation 
rates and stellar evolution, this scatter is consistent with bursts of star formation lasting 
as short as 2 x 107 years involving up to 5 percent of the galaxy's mass. In addition, 
they found that the galaxies at the earlier stages of interaction, as indicated by the 
absence of long tidal tails, have colors consistent with the most recent bursts. 
Subsequent observations at many wavelengths have confirmed that enhanced star 
formation appears to be taking place in many, but not all, morphologically disturbed 
pairs of galaxies (Bushouse 1986, 1987; Condon et al. 1982; Joseph et al. 1984; Joseph 
& Wright 1985; Keel et al. 1985; Kennicutt et al. 1987; Hummel 1981; Fabbiano, 
Feigelson & Zamorani 1982). 
The most striking observational evidence for increased star formation comes from 
infrared studies (see Soifer et al. 1987). The Infrared Astronomical Satellite (IRAS) 
sky survey detected many bright infrared galaxies where they show up mainly at 60 
and 100 microns. Infrared selected samples of galaxies tend to overwhelmingly pick 
out interacting systems. Sanders et al. (1988) found that approximately two-thirds of 
IRAS galaxies with LFIR > 1011 L0 and all with LFIR > 5 x 1011 L0 are in interacting 
pairs. These systems radiate up to 99 percent of their total luminosity in the far 
infrared, whereas the value for normal galaxies is on the order of 50 percent. It is 
thought that most of the infrared radiation is coming from dust grains heated by 
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ultraviolet radiation emitted by young, massive 0 and B stars which are still embedded 
in their embryonic clouds of dust and gas. Bushouse, Lamb & Werner (1988) found that 
a sample of optically selected disturbed pairs have a factor of two infrared luminosity 
increase, on average, when compared to a sample of normal spiral galaxies. They also 
noticed that the most strongly interacting systems show the most extreme values of 
infrared excess. 
Much of the enhanced star formation appear to be located in the central regions 
of the galaxies, particularly for galaxies which appear to be merging (Soifer et al. 
1987). The problem of transporting large amounts of disk gas to the nucleus has been 
addressed by, e.g., Noguchi (1988), Byrd et al. (1986), Hernquist (1989), Hernquist & 
Barnes (1991 ). The formation of a nuclear bar appears to provide the torque necessary 
to remove angular momentum from gas. 
While a link between interactions and bursts of star formation seems clear, the 
mechanism by which star formation occurs is poorly understood at best. Qualitatively, 
it is expected that interactions between the interstellar media of the two galaxies ( eg. 
Jog & Solomon 1992) or the perturbed medium of a single galaxy help initiate gravi-
tational collapse of clouds ( e.g., Young et al. 1986), which leads to star formation. 
Most studies of this phenomenon have assumed that collisions between individual 
gas clouds are of primary importance in the production of new stars (Olson & Kwan 
1990a, 1990b; Scalo & Struck-Marcell1986, Noguchi & Ishibashi 1986). When clouds 
collide in these simulations, dissipation occurs and gas is turned into stars in some 
prescribed manner. Olson & Kwan create stars when strong cloud collisions occur, 
Noguchi uses all collisions to form stars, and Scalo & Struck-Marcell assume that the 
star formation rate is a nonlinear function of cloud mass so that clouds can coalesce 
before becoming stars. Cloud collision parameterizations are also a popular means for 
studying large-scale star formation in general (Levinson & Roberts 1981; Roberts & 
Hausman 1984; Hausman & Roberts 1984; Combes 1988; Scalo & Struck-Marcell1986). 
While these studies are instructive in parameterizing some aspects of the interac-
tions, they suffer in that the physics of interstellar cloud collisions is largely unknown; 
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the degree of "stickiness," the star formation efficiency, and the final state of the cloud 
are free parameters (see Lattanzio et al. 1985 for simulations of cloud collisions). It 
is not at all clear that the rate of cloud collisions is the dominant mediator of large-
scale star formation in interacting systems and the variance in results from various 
investigations seems to argue against it. Appleton & Struck-Marcell (1988); Appleton, 
Schombert & Robson (1992); Noguchi & Ishibashi (1986); and Olson & Kwan (1990a, 
1990b) all cite observations to support their viewpoints. Mihos, Richstone & Bothun 
(1991) claim to be unable to match observations using a cloud collision model and the 
Schmidt Law. 
It is contended here that a likely trigger for producing bursts of high-mass ex-
tranuclear star formation is the compressions and shocks that form in a continuous 
background interstellar medium. Shocks can implode pre-existing clouds and provide a 
perturbation to initiate the formation of large cloud complexes via the Parker instabil-
ity. This mechanism was proposed by Mouschovias et al. (1974) in the context of star 
formation due to the passage of a spiral arm shock (see also Roberts 1969) and explains 
the spacing of large star forming regions in the spiral arms of external galaxies, often 
described as "beads on a string" (see also Woodward 1976). A similar structure is seen 
in collisionally excited ring galaxies ( e.g., Theys & Spiegel 1976), in which a strong 
circular density wave is expanding in the disk (Lynds & Toomre 1976). The magnetic 
field configuration in interacting systems might be expected to become quite disrupted, 
but even in the absence of the magnetic instability discussed by Mouschovias et al. 
the results of calculations presented here show the presence of what is believed to be 
a Rayleigh-Taylor instability in the interstellar medium of ring galaxies which could 
serve to gather embedded clouds into large complexes. 
Altemate theories exist for the formation of giant molecular clouds (see Elmegreen 
1991) and Larson (1988) argues against the importance of shocks in regulating the star 
formation process. Levinson & Roberts (1981) contended that shocks could not form in 
the hot, diffuse intercloud medium argued for by McKee & Ostriker (1977) because of 
the high sound speed in such a medium. Field (1986) argues that observations indicate 
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that there exists a warm, 104 K HI medium with a filling factor of approximately 0.5, in 
which the sound speed is considerably less. In either case, shocks in interacting systems 
can reach great enough velocities that the intercloud medium may play a larger role in 
mediating the star formation process, as compared to normal spiral galaxies. 
The criterion for star formation used by Jog & Solomon (1992) and Jog & Das 
(1992) is in somewhat the same spirit as that of Mouschovias et al. in that cloud-
intercloud interactions are important for star formation. Jog & Solomon's contention 
that stars only form in the overlap regions between two gas-rich disk galaxies seems 
too conservative, though, and it shown in Chapter 4 and Gerber, Lamb & Balsara 
(1992) that shocks can form during an interaction between a gas-rich disk galaxy and 
a gas-free elliptical. 
If the Mouschovias, Shu & Woodward mechanism for triggering star formation is 
assumed, as a first approximation, the detailed substructure of the ISM can be ignored 
and the large scale structure can be modeled using a single-fluid representation. By 
locating the shock fronts and large-scale density enhancements, likely regions of active 
star formation can be deduced. 
1.4. Ring Galaxies 
Both theoretical and observational evidence indicates that a ring galaxy can be 
formed by the collision of two galaxies, providing that at least one was originally a 
disk galaxy. If one galaxy strikes the other's disk at near normal incidence and near 
its center, much of the disk is transformed into an expanding ring. Theoretical studies 
have confirmed that ring formation is the natural outcome of such a collision (Lynds 
& Toomre 1976; Appleton & Struck-Marcell 1987b; Struck-Marcell & Lotan 1990; 
Struck-Marcell & Higdon 1993; Hernquist & Weil 1993; Huang & Stewart 1988.) Ob-
servationally, Theys & Spiegel (1976) found that bright ring galaxies usually have a 
nearby second galaxy aligned with the apparent minor axis of the ring (15 of the 16 
companions to ring galaxies studied by Theys & Spiegel lie within 25° of the minor 
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axis of the ring. See also Few & Madore 1986). Further study has found that vigorous 
star formation is taking places in these rings (Higdon 1992; Few, Madore & Arp 1982; 
Theys & Spiegel 1976; Thompson & Theys 1978; Appleton & Struck-Marcell 1987b; 
Fosbury & Hawarden 1977; Marcum, Appleton & Higdon 1992; Schultz et al. 1991; 
Jeske 1986). 
The ring galaxies discussed here are completely different from the normal spiral 
galaxies with rings. In the latter case, the rings are believed to be a long-lived feature 
caused by the interaction between rotating disk gas and a central bar (Gallagher & 
Wirth 1980, Schwarz 1981) or the static structures of Zaspel (1992). The original idea 
of Freeman & de Vaucouleurs (1974) that ring galaxies are produced by a collision 
between a disk galaxy and an intergalactic gas cloud is no longer believed relevant to 
most observed rings ( e.g., Joy et al. 1988, Jeske 1986). 
In the following sections a description of how a ring galaxy forms is given, fol-
lowed by a synopsis of some observations of ring galaxies, and a summary of previous 
theoretical work on ring systems. 
1.4.1. Kinematics of Ring Formation 
The mechanism by which a ring galaxy forms can best be demonstrated by studying 
a simple idealized situation that still contains the relevant physics. Consider a copla-
nar system of massless test particles (stars) all moving in circular orbits in a central 
gravitational potential. In any reasonable galactic potential individual stellar orbits 
are stable to small radial perturbations, following which the particles execute harmonic 
oscillations about their initial radii at a frequency (known as the epicycle frequency) 
that varies with radius and is a function only of the potential. 
If a fast, small intruder passes through the disk parallel to its rotation axis the in-
truder will have little effect except to impart a radially varying radial velocity impulse 
to the disk particles. After the collision the stars begin oscillating about their equilib-
rium positions with the same initial phase, but since the epicycle frequency decreases 
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Figure 1.4.1: Radial oscillations of a sample of equally spaced points 
following an inwardly directed radial velocity impulse. A singular isother-
mal sphere potential is used for illustrative purposes; the qualitative 
behavior would be similar in a more realistic galactic potential. The os-
cillation frequency varies with radius, which produces orbital crowding 
and an outward moving ring. The meaning of the parameters etamax, 
chi and a are explained in Chapter 2. 
with increasing radius, particles in the inner parts of the disk reach their turning points 
and begin to move outward while stars in the outer parts of the disk are still moving 
inward. The result is that particles crowd together at certain radii and form an outward 
propagating density wave in the shape of a ring (see Fig. 1.4.1 ). 
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1.4.2. Observations of Ring Galaxies 
Observed rings often appear elliptical with bright knots, reminiscent of giant H II 
regions seen in the arms of spiral galaxies. A galaxy that can be implicated as the 
intruder usually lies near the apparent minor axis of the ring (Theys & Spiegel1976). 
Most rings have a bright nucleus inside the ring, but some rings are apparently empty 
although faint emission is usually detected between the nucleus and the ring. Outside 
the ring the surface brightness can fall to sky background levels quickly (Thompson & 
Theys 1978, Appleton 1993). The line of sight velocity differences between the ring and 
the intruder suggest that the time since close approach in many bright systems is on 
the order of 108 yr, approximately equal to a disk rotation period for a "typical" spiral 
galaxy. The number ratio of ring galaxies to spiral galaxies is about 0.002 ( Athanassoula 
& Bosma 1985). 
Theys and Spiegel (1976, hereafter TS) and Few and Madore (1986, hereafter FM) 
grouped ring galaxies into morphological categories. TS defined ring, or R, galaxies 
to be ones that appear elliptical without a central nucleus, to differentiate them from 
the more normal spiral galaxies that sometimes exhibit ring structure in their inner 
disk regions. TS separated these R systems into three subgroups: RE - crisp elliptical 
rings with empty interiors, RN - elliptical rings with off-center nuclei, and RK - rings 
with a single, prominent knot in the ring. The system of FM separates ring galaxies 
into two groups: P-type- crisp, knotty structure with often a displaced nucleus and, 
0-type- smooth structure and a centrally located nucleus. FM found that P-type rings 
had a significant excess of companions lying with two ring diameters. However, they 
concluded that 0-type ring systems were likely not products of collision. A classification 
scheme based on the appearance of the nucleus has been suggested by Faundez-Abans 
et al. (1992), but they included all types of rings and the groupings do not seem useful 
for studies of interacting ring systems. 
Vigorous star formation is apparently taking place in many of the rings. From UBV 
photometry measurements, TS found that ring galaxies were generally blue, similar in 
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color to disks of spiral galaxies. The colors are consistent with a model in which the 
ring underwent a burst of star formation 108 years ago. 
Thompson and Theys (1978) found that the knots in the ring of theRE galaxy VII 
Zw 466 had blue colors, similar to the extreme end of the blue "normal" spiral galaxies. 
In contrast, a knot that appears to be on the inner side of the ring has a redder color, 
consistent with it being the remnant nucleus of a spiral galaxy. Their photometry also 
revealed that the colors interior to the ring, as well as between the knots in the ring, 
are bluer than normally seen in galaxies on a large scale. 
Observations of the asymmetrical ring galaxies Arp 14 7 (Schultz et al. 1990, 1991) 
and II Zw 28 (TS) suggest that a remnant nucleus can be displaced so far from the 
center that it may appear in the bright side of the ring. 
Appleton & Struck-Marcell (1987) discovered that 20 of 26 galaxies from the data 
sets of TS and FM were detected by IRAS, with an average LFIR = 1.2 x 1010 L0 , 
which is two to six times greater than the average for most galaxy types (ie., normal 
galaxies) in the Shapley-Ames sample of de Jong et al. (1984). The mean blue 
luminosity of the ring galaxy sample is LB = 1.4 x 1010(100/ Ho)2 L0 , in accord with 
the mean of interacting galaxies in the Arp Atlas of Interacting Galaxies in general 
(Keel et al. 1985). The ratio LFIR/ LB is a factor of two higher for Appleton & 
Struck-Marcell's sample than for normal spirals, which they interpret as a signature of 
significant emission from OB stars. These results are consistent with those found by 
Bushouse, Lamb & Werner (1988) in a study of optically selected interacting systems. 
The galaxy AM 0644-741 has a large, knotty, elliptical ring with a nucleus quite 
offset along the major axis (Arp & Madore 1987). Few, Madore & Arp (1982) success-
fully fit measured velocity data to an expanding, rotating ring model. The galaxy II 
Hz 4 is similar to AM 0644-741 and was velocity mapped by Lynds & Toomre (1976), 
who fit the kinematics and morphology with a simple n-body model in their seminal 
paper. 
The southern ring galaxy A0035, dubbed the Cartwheel galaxy, is perhaps the best-
studied ring system (see Fig. 1.2.1 ). It has a bright clumpy outer ring with many H II 
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regions (Fosbury & Hawarden 1977), an inner ring, and a slightly off-center nucleus. 
In between the nucleus and the ring are a number of radial spoke-like features, hence 
the name Cartwheel. 
Fosbury and Hawarden (1977), estimate a mass of 4 x 1011 M0 for the nucleus 
and a mass of ionized gas in the ring~ 1.2 x 108 M0. Ha imagery by Higdon (1992) 
shows that a strong burst of star formation is confined to the outer ring, confirming the 
earlier results of Fosbury and Hawarden. Both studies infer that 3 x 106 OB stars are 
producing the observed flux. Marcum, Appleton & Higdon (1992) find a near infrared 
and optical radial color gradient in the disk behind the ring, implying an aging stellar 
population which formed as the expanding ring moved past. Further, Marcum et al. 
noted a lack of a ring in the K band which, together low metallicities as measured 
by Fosbury & Hawarden, suggested that the Cartwheel was a very gas rich disk with 
little original background stellar population. If this is true, the Cartwheel may be an 
interesting object, but not prototypical of ring galaxies. 
Neutral hydrogen has been detected in the Cartwheel and Higdon (1992) finds an 
anti-correlation between Ha or 20 em continuum and the HI distribution, evidence that 
the starburst is affecting the neutral gas in the ring. The velocity fields are found to be 
consistent with a rotational velocity of 254 km s-1 and expansion velocity of 20 km s-1 
in the ring. This rotational velocity agrees with that of Fosbury & Hawarden, but the 
latter's value of radial expansion was 89 km s-1. No emission lines have been detected 
from the spokes in the Cartwheel galaxy, indicating a lack of an interstellar medium 
excited by high-mass stars. 
Ghigo, Wardle & Cohen (1983) did not detect X-rays from any of the ring galaxies 
in their sample of nine systems. However, their own model indicates that the expected 
X-ray flux should be below their detection limit. Suspected sources of X-rays are 
supernova explosions and shocked gas, both of which are expected to found in regions 
of active star formation. 
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1.4.3. Previous Theoretical Investigations 
Lynds & Toomre (1976) demonstrated that galaxy-galaxy collisions could produce 
rings and that the basic mechanism for ring formation was the crowding of stellar orbits 
following passage of the intruder. They proposed that the ring structure in II Hz 4 was 
caused by this mechanism and were able to get a good fit to the observed morphology 
using a simple, largely kinematic model. Lynds & Toomre noted that toroidal flows 
were present in the ring and that interstellar material could be swept up in the ring, 
enhancing the star formation rate. They also commented that the lateral displacement 
of the nucleus could give it the ability to hide behind the ring when viewed from an 
oblique angle. 
Huang & Stewart (1988) studied ring formation using a three- dimensional particle-
mesh code (see Chapter 2). They used a gravitating stellar disk, a massive halo and 
a companion 0.4 the mass of the target galaxy, which was forced to move at constant 
"escape" velocity throughout the experiment. They concluded that near central colli-
sions produce the 0-type rings of Few & Madore (1982) with peaks in density which 
lag behind the corresponding peaks in radial velocity. Huang & Stewart also found 
that the inclusion of a "live" self-gravitating halo increases the ring expansion rate and 
leads to narrower rings and arcs. Central collisions inclined at 30° to the disk produced 
similar results to normal collisions. Lynds & Toomre and Toomre (1978) reported that 
penetrations within 15 percent of the disk radius and inclined at less than 45° were 
necessary to make good rings. Huang & Stewart managed to make rings with highly 
inclined encounters, as did Appleton & James (1990). 
The formation of rings in cold disks perturbed by a low-mass companion was inter-
preted in the context of mathematical caustics by Struck-Marcell & Lotan (1990). In 
this picture the intruder gives stars in the disk a radial perturbation, following which 
the stars execute epicyclic motion about their original orbit. Crowding of orbits occurs 
at certain radii and where orbits cross one another, formally infinite density enhance-
ments, or caustics, are formed. Many concurrent rings in the same disk can be formed 
as the oscillators drift in and out of phase. Struck-Marcell (1990) extended this work 
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to include a small departure for axisymmetry and found that a wide variety of caustic 
forms were created. 
Appleton & Struck-Marcell (1987b) and Struck-Marcell and Appleton (1987) stud-
ied the response of gas cloud to a perturbation caused by the passage of a small, 
low-mass companion (companion mass 1/5 that of the target galaxy). They excluded 
completely the gravitational influence of stellar density wave and concentrated on the 
behavior of gas clouds, which can grow by coalescence, shrink due to collisional shred-
ding, and form stars. Clouds above a certain threshold mass are broken up and the 
fragments accelerated by stellar winds, H II regions and supernova explosions. This 
cloud-fluid approach, in the limit of short cloud lifetimes, yields a star formation rate 
that deviates from the Schmidt law (Schmidt 1959). Early in the collision, star for-
mation becomes depressed near the density maximum, but later peaks at the location 
of the density maximum in the ring. Star formation is always depressed behind the 
ring due to a mean cloud mass decrease, not due simply to the presence of less gas 
behind ring. After passage of the ring, material falls back toward the center, having 
lost angular momentum from cloud-cloud interactions, and forms a second, inner ring. 
When Struck-Marcell & Appleton used a cloud collision time scale approximately the 
same as cloud lifetimes, they found that if the target galaxy was initially near a critical 
cloud collision rate, or critical gas mass density, even a small intruder could induce a 
large burst of star formation in the outer ring. If the galaxy was not near critical, a 
small intruder would make a burst in the second, inner ring. Although they did not 
explicitly study the effects of a collision with a large companion, Struck-Marcell & Ap-
pleton noted that such a collision would produce large-amplitude waves which would 
drive coalescence on short time scale and sweep up material. They also inferred that 
gas might be driven out of disk vertically. 
A mechanism for producing ring systems without an apparent companion was pro-
posed by Luban-Lotan & Struck-Marcell (1989). They pointed out that dynamical fric-
tion (the mechanism of transferring translational motion into internal motion) could 
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produce a damped oscillatory capture of the companion while rings were still present 
in the disk. 
Theys & Spiegel (1977) were particularly interested in studying the breakup of 
rings into clumps or beads. They numerically simulated gas particles that were to be 
interpreted as clouds, starting with a non-expanding rotating ring in equilibrium, and 
found that the ring broke up into beads in 108 years. However, they noted, referring 
to work of Ostriker & Peebles (1973), that the development of knots was likely to be 
slowed by the presence of a halo. 
Theys & Spiegel proposed that their RE class of ring galaxies were formed as the 
result of a galaxy collision in which a substantial portion of the nucleus was torn out of 
the host galaxy. The loss of binding energy caused the rest of the nucleus to disperse. 
Using a model with axisymmetric, equally spaced rings with no velocity dispersion, they 
found that the rings formed "a sort of funnel with the nucleus at the narrower opening." 
They added dissipation and found that the nucleus can be dislodged, producing an RE 
galaxy. Theys & Spiegel tried a series of further experiments with more realistic galaxy 
models, but their disk had unrealistically high velocity dispersions for stability reasons, 
which washed out most of the ring structure. 
Two models of the Cartwheel galaxy which include a representation of a gaseous 
ISM have recently been proposed by Struck-Marcell & Higdon (1993) and Hernquist & 
Weil (1993). In both cases the gas compression accompanying the ring amplifies pre-
existing inhomogeneities into self-gravitating clumps which are sheared into spoke-like 
features. Both groups contend that both dissipation and self-gravity are necessary to 
produce the spokes. Struck-Marcell & Higdon believe that their model and observations 
contradict the colliding cloud star formation models of Olson & Kwan (1990a,b) and 
Noguchi & Ishibashi (1986). 
Chatterjee (1984, 1986) has related ring parameters to the change in energy deliv-
ered in an impulsive encounter. 
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1.5. Objectives of This Investigation 
In this thesis the response of a disk galaxy when it interacts with another galaxy 
is studied. The restriction is made to collisions in which a spherical gas-free galaxy, 
referred to as the "intruder" or "companion," encounters the disk of a second galaxy 
at near normal incidence, producing rings and arcs in the disk. 
The ultimate goal of this investigation, of which this thesis is only the beginning, 
is to build a link between numerical models and observations of actively star forming 
regions in interacting galaxies. Ring galaxies provide a good laboratory for this study 
since strong constraints can be put on the orbital history of the two galaxies - only 
certain collisions produce rings. 
Regions of high gas density and shock formation in the disk will be identified 
as potential sites for enhanced star formation rates. Since the resulting morphology 
correlates with initial conditions, these models provide the first step toward determining 
how certain physical conditions relate to enhanced star formation rates. Generic results 
and the physical mechanisms that underlie them are sought as primary goals. The 
obvious extension of this study is to use the insight gained here to make detailed 
models of specific observed systems. 
Only large scale phenomena are considered here since the numerical method and 
computational resources limit resolution length scales to approximately the kiloparsec 
scale. 
Specifically, the objectives of this study are: 
• Create models of steady-state galaxies which can be used as a initial states 
for collision simulations. 
• Study the formation of ring galaxies and how an increasing impact param-
eter affects the resulting morphology. Understand why these morphologies 
develop with the help of a simple analytic model. 
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• Incorporate a representation of the interstellar medium into a numerical 
model in a state-of-the-art manner, paying special attention to the mor-
phology of the gas and noting differences between the behavior of stars and 
gas. 
• Locate regions of increased gas density and shocks. Measure time scales 
over which these increases occur and find generic features of the collisions. 
• Compare these results with observed ring galaxies in a generic sense. Cor-
relate the location of shocks and high density in the models with observed 
regions of active star formation. 
Subsequent chapters of this thesis are arranged thusly: 
• Chapter 2. An analytic, kinematic model is developed which provides in-
sight into the ring and arc formation process. 
• Chapter 3. The numerical methods are discussed and the non-trivial con-
struction of steady-state galaxy models is described. 
• Chapter 4. Results of the collision simulations are presented. An axisym-
metric collision is discussed in detail, followed by a presentation of a series of 
four collisions at increasing impact parameters. The numerical and analytic 
models are compared. 
• Chapter 5. A brief summary of results and future prospects is given. 
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Analytic Models 
2.1. Introduction 
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The basic picture that a nearly axisymmetric collision produces an outward prop-
agating ring of high density and high star formation rate has been worked out by a 
number of investigators (Lynds & Toomre 1986; Toomre 1978; Appleton & Struck-
Marcell1987b; Struck-Marcell & Appleton 1987; Struck-Marcell & Lotan 1990; Theys 
& Spiegel 1977; Huang & Stewart 1988; Chatterjee 1984). If the collision is not ax-
isymmetric, off-center rings, arcs and spiral patterns can be formed (Toomre & Toomre 
1972; Toomre 1978; Struck-Marcell 1990; Chatterjee 1986, Huang & Stewart 1988; 
Gerber, Lamb & Balsara 1992). In order to understand the mechanism by which off-
center collisions produce disturbed morphologies in galactic disks a simplified analytic 
model can provide insight. Further, an analytic model can be used economically to 
explore parameter space and guide the choice of future fully three-dimensional gravi-
tational/hydrodynamical computational models of observed systems. 
In this chapter it is shown tha.t the disk morphologies produced by Toomre's n-
body experiments on ring galaxies (Toomre 1978, see also Byrd & Howard 1992) can 
be understood in terms of an impulsive encounter with a second galaxy which produces 
epicyclic oscillations in the disk galaxy (see Section 2.2; Binney & Tremaine 1987; 
Struck-Marcell & Lotan 1990). Some of the results are similar to those obtained by 
Struck-Marcell (1990), but he was more interested in the development and classification 
of caustic structures in the disk following slightly off center collisions. The motivation 
for undertaking this study is to gain insight into the mechanism whereby high gas den-
sity regions are produced in numerical n-body /gas dynamics simulations (see Chapter 
4). This work also differs from Struck-Marcell (1990) in that an arbitrarily large impact 
parameter is explicitly included, the restriction that the azimuthal velocity impulse be 
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small compared to the radial velocity impulse is lifted, and the central concentration 
of the intruder can be varied. 
Analytic expressions are derived to describe the two-dimensional kinematic evolu-
tion of a stellar disk perturbed by the collision of a second galaxy which passes through 
the disk at perpendicular incidence, but does not pass through its center. The intrud-
ing galaxy is approximated as spherical and the disk stars of the host galaxy lie in a 
potential that produces a constant circular rotation velocity. The resulting morpholo-
gies depend on a "strength" parameter (see Section 2.2.2), the impact parameter, and 
the central concentration of the spherical galaxy. 
The purely kinematic model can not yield information about the role of self gravity 
and gas dynamical processes, which are likely important for determining the sites of en-
hanced star formation. The behavior predicted by the analytic expressions is therefore 
compared with computational results from a fully self-gravitating three-dimensional 
n-bodyfgas dynamics code in Section 4.4. There is it shown that the initial behavior of 
the galaxies is similar to that predicted by the analytic model, but at later times in the 
evolution of the disk, self-gravity becomes important in amplifying density enhance-
ments. Gas piles up where orbits cross since, unlike the stars, gas cannot freely move 
on intersecting orbits. It is argued that these regions of high gas density are likely to 
be the locations of active star formation. 
The analytic model for the velocity impulse is described in Section 2.2. The kine-
matic response predicted by the model is presented in Section 2.3. A summary is given 
in Section 2.4. 
2.2. Analytic Model 
Under the simplifying assumptions described in the following sections, the equations 
of motion are derived for disk stars following a collision with a spherically symmetric 
galaxy. The intruder hits the disk at normal incidence at an arbitrary distance from 
the center. Using these equations of motion, which are shown to be functions of a star's 
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initial position and three dimensionless parameters, the kinematic morphology of the 
disk can be determined at any arbitrary time after the collision. 
2.2.1. Solution for Velocity Impulses 
The velocity impulse delivered by the intruder as it flies through the disk galaxy at 
constant velocity is first derived. The impulse approximation is expected to be valid 
as long as the intruder moves fast enough that the disk stars do not have time to 
move appreciably in their orbits during the interaction, but as mentioned in Binney & 
Tremaine (1987) this method can often be applied beyond its formal limits. 
The geometrical configuration is illustrated in Fig. 2.2.1. The disk lies in the x-y 
plane, its center at the origin of coordinates. The intruder proceeds in a straight line in 
the x-z plane (the plane of the paper) parallel to the z axis at constant velocity V and 
penetrates the disk a distance x=b from the center of the disk. The vector r denotes 
position with respect to the center of the intruder while the vector R, as well as the 
coordinates ( x, y, z ), refer to position with respect to the center of the disk. 
The intruder is represented by a Plummer model (Plummer 1911); it provides an 
analytic model of a softened potential in which the degree of central concentration can 
be easily varied. The gravitational potential of the Plummer model is given by 
q, = _ GM 
(r2 + a2)1/2 ' (2.2.1) 
where G is the gravitational constant, M is the total mass of the Plummer model, and a 
is a constant, often referred to as a "softening" length since it introduces a length scale 
into the potential and prevents singular behavior at the origin. The velocity impulse 
delivered to a particle at a position r from the intruder is 
~v (r) =-L: vq, (r, t) dt. (2.2.2) 
Substituting r(t) = (x- b)x + yy + (z + Vt)z, and taking the gradient of the potential 
yields, 
(2.2.3a) 
Analytic Models 
. 
Z aXIS 
b 
Figure 2.2.1: The geometrical configuration for the derivation of 
the impulse approximation expressions. The z-axis passes through the 
disk's center and the intruder moves along a line parallel to the z-axis, 
intersecting the plane of the disk a distance x=b from its center. The 
intruder, of mass M, moves at constant velocity V. 
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(2.2.3b) 
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( ) _ _ G M (z + Vt) \7~ z - 3/2 (Cx- b)2 + (z + Vt)2 + y2 + a2) (2.2.3c) 
Upon performing the integrations of Equation (2.2.2), we obtain 
A ..... ( ) - - 2 G M [ (X - b) X + yy l 
w.v x,y,z - 2 • V (x-b) +y2+a2 (2.2.4) 
Rewriting this result in polar coordinates, (R, </>) defined by x = Rcos </>, y = Rsin</>, 
..... ( ) __ 2 G M [ ( R - b cos </>) R + b sin </> if> l ~v R </> - 2 2 . 
' V R 2 - 2Rb cos </> + b + a 
(2.2.5) 
The angular dependence is written in dimensionless form by defining the parameters, 
'I]= R/b and 'Y =a/band we have 
~ _ 2 G M [ 'IJ - cos </> l 
v R - - b V '1} 2 - 2'1] cos </> + 1 + {2 ' (2.2.6a) 
L\ v _ 2 G M [ sin</> l 
¢> - - b v '1]2 - 2'1] cos <P + 1 + , 2 (2.2.6b) 
2.2.2. Response to the Impulse 
The effect the velocity impulse has on the orbits of stars in a given rigid potential 
will be investigated. First, equations 2.2.6 are modified to express the velocity relative 
to the impulse delivered to the center of the potential. Subtracting the velocity impulse 
delivered to the origin of coordinates from equations 2.2.6 we get 
A 2 G M [ 'I] - cos <P cos <P l 
w.VR=- +---::-
b v '1] 2 - 2'1] cos <P + 1 + '2 1 + '2 (2.2.7a) 
~ v = _ 2 G M [ sin</> _ sin <P ] 
¢> b v '1] 2 - 2'1] cos <P + 1 + '2 1 + '2 . (2.2.7b) 
The equations of motion for the disk particles are obtained by first assuming they 
were in circular orbits prior to receiving the impulse. After the interaction a particle 
orbit is described as executing epicyclic motion about a guiding center on a circular 
orbit of radius Rg. The value of Rg is obtained by determining the radius of the 
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circular orbit that has the same angular momentum as the particle after it received 
the impulse. The specific angular momentum, lz, of a particle after the impulse is the 
sum of its initial angular momentum and the change in angular momentum delivered 
by the intruder, 
lz = Ro Vc,O + Ro l:l..vc/J, (2.2.8) 
where Ro is the initial radius and Vc,o is the initial circular speed. The angular momen-
tum associated with the guiding center's circular orbit is R9 Vc,g, where Vc,g is the orbital 
speed of the guiding center. Equating the two expressions for the angular momentum 
and solving for R9 yields 
Rg = Ro (Vc,O + l:l..vc/J) . 
Vc,g Vc,g 
(2.2.9) 
At this point the analysis is significantly simplified if it is assumed that the disk 
galaxy particles move in a potential which produces a rotation curve which is constant 
with radius. This is a reasonable simplification since most disk galaxies are observed to 
have constant rotation velocities over all but the inner portions of their disks. Under 
this assumption the previous equation becomes 
(2.2.10) 
where Vc is the constant circular speed in the disk. The radial position of a particle is 
written as 
(2.2.11) 
where K is the epicycle frequency (determined by the potential) and AR and \II are 
constants to be determined. For a particle which was initially at coordinates (Ro, ¢0 ) 
we demand that R(t=O)=Ro and R(t=O)=i::l..vR, note that"'= ../2vc/R, and find, to 
lowest order in velocities, 
(2.2.12) 
Equivalently, we can write 
(2.2.13) 
and 
The amplitude to first order is 
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A _ R I~ vi R- O;o · 
v2ve 
where l~vl _ J2~v~ + ~Vk· The expression for the radius then becomes 
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(2.2.14) 
(2.2.15) 
(2.2.16) 
The expression for the angular coordinate is found by demanding that angular momen-
tum be conserved along the post-collision orbit. Equating the angular momentum after 
the collision with the angular momentum of the new guiding center yields 
• 2 
</>R = VeRg. (2.2.17) 
Substituting the expression for R and keeping terms only to first order yields 
(2.2.18) 
This is integrated to give 
Vet 2ARVe 
</> = -R + R 2 cos ("-t + w) +constant. 
0 "' 0 
(2.2.19) 
The constant is obtained by setting </>(0) = </>o, which yields 
~VR Vet ( ~VcfJ) ~~vi 
</> = </>o - - + - 1 - - + -cos ( K-t + w) . 
Ve Ro Ve Ve 
(2.2.20) 
The following dimensionless parameters, which will prove useful later, are defined 
2GM 
X- bVve 
Rmax T}max- -b-
'- I a I=--
1Jmax Rmax 
Vet 
T- -=---
2nRmax 
(2.2.21a) 
(2.2.21b) 
(2.2.21c) 
(2.2.21d) 
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where Rmax is the maximum radial extent of the disk. Physically, X is a parameter 
describing the "strength" of the interaction - X/21 is the maximum possible value 
of the velocity impulse in units of the (constant) circular speed in the disk. For the 
approximations to be formally valid X /21 must be less than one. 'r/max is the maximum 
extent of the disk in units of the impact parameter, and 1' is the ratio of the intruder 
softening length to the maximum disk radius. T measures time in units of the rotation 
period of the outer edge of the disk. 
Dimensionless velocity impulses are defined to be 
~ = ~ v R _ _ [ ry0 - cos </>o cos </>o l 
UR- - 2 2 ,1,. 1 12 2 + 1 12 2 ' 
VeX 'rJo - 'r/0 COS 'f'0 + +I 'r/max +I 'rlmax 
(2.2.22a) 
~ = ~vt/J __ [ sin </>o _ sin </>o l 
UtjJ - - 2 ,/,. 12 2 12 2 ' 
VeX 'rJo·- 2ryo cos 'f'0 + 1 +I 7lmax 1 +I 'r!max 
(2.2.22b) 
l~ul - l~vl = · h~u~ + ~u~, 
VeX V (2.2.22c) 
and the equations of motion are written, in terms of the ratio of radius to impact 
parameter, ry, and angular position, </>, as 
{ Xj~ul . ( rn'r/max ( ) ) } 'rJ = 'f/O 1 + X~ut/J + J2 sm 27rV 2--:;;- 1 ~ X~ut/J r + W (2.2.23a) 
</> = </>o- X~UR + 27r 'r/max (1- X~utP) T + Xi~ui cos (27rv'2'r/max (1- X~utP) T + w) . 
'r/0 'r/0 
(2.2.23b) 
Note that these equations of motion depend only on the initial coordinates, (ryo, ¢>0), 
and the three parameters X, 'rJmax, and 1'. 
2.2.3. Surface Density 
With the particle positions as functions of time and their original coordinates, we 
can demand that the mass, dM, in a small area be conserved and get an expression for 
the surface density, ~-
dM = ~ (R, </>, t) RdRd<jJ = ~ (Ro, </>o) Ro dRo d</Jo. (2.2.24) 
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The coordinates are related through the determinant of the Jacobian matrix, J, by 
and the surface density is 
dRd<P = IJI dRo d<Po, 
) Ro I ,-I '2:, ( R, <P) = '2:, ( Ro, <Po R J . 
(2.2.25) 
(2.2.26) 
Formally the surface density goes to infinity at the zeros of the Jacobian. These points 
correspond to the caustics described by Struck-Marcell (1990) and Struck-Marcell & 
Lotan (1990) -regions where orbits overlap. In real galaxies these infinities are sup-
pressed since (1) the density distribution is made up of discrete stars, more than one of 
which cannot occupy the same location, and (2) the stars are initially spread in phase 
space by virtue of a non-zero velocity dispersion. Hydrodynamic pressure forces ( oper-
ating in three dimensions) help prevent infinite densities in the gaseous component of 
galaxies. Nevertheless, high densities are reached when gas interacts in these regions 
will be shown in Section 4.4.1.2. 
2.3. Kinematic Response of the Disk 
After the collision, the transient disk morphology at any given time is a function 
of the three parameters which represent the impact parameter, the "strength" and the 
central concentration of the intruder. The best way to get a feel for how the three 
parameters affect the collision is to plot a sample of disk "stars" for different values of 
the parameters. 
2.3.1. A Survey of Forms 
The form of the equations of motion in Equations 2.2.23 allows investigation of 
distant collisions by setting fJmax ~ 1. More central collisions can be modeled by 
considering larger values of fJmax· The other two parameters which govern the kinematic 
response of the disk are X, the ratio of the magnitude of the velocity impulse to Vc 
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(the circular speed in the disk), and the ratio 1' 
concentration of the Plummer model. 
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a/ Rmax describing the central 
In Fig. 2.3.1 the response of stars to the velocity impulse is plotted at one-half a 
rotation period of the outer edge of the disk. The disk's rotation is counterclockwise. 
Initial positions for 104 "stars" are randomly chosen and plotted according to the model 
at T = 0.5. (Radii"' were chosen randomly in the interval (0: 'f/max], which produces a 
surface density that falls off as 1/ry, and is useful for illustrating particle kinematics.) In 
each column of Fig. 2.3.1 the strength of the interaction, X, and the softening parameter, 
1', are held constant as the impact parameter is varied, taking values of 2.0, 1.0, 0.5, and 
0.25 in units of the disk maximum radius (ie., 'f/max = .5, 1, 2, 4). The impact distance 
from the center of the disk is indicated by the arrow at the bottom of each panel. The 
impact point can be located by mentally translating the arrow upward until one end 
lies on the disk center. The scale is the same for all plots in Fig. 2.3.1. The central 
concentration, 1', has the value 0.4 in Fig. 2.3.1 (a), 0.2 in Fig. 2.3.1 (b), and 0.8 in 
Fig. 2.3.1 (c). Representative values of X = 0.25, 0.50, and 0. 75 were chosen for display. 
The most extreme combination of parameters strictly invalidates the assumptions in 
small regions of the disk, but does not generally affect the overall morphology of the 
system. 
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Figure 2.3.1: (a) Plots of disk particle positions as predicted by the 
analytic model. The impact parameter, indicated by the arrow, varies 
down each column. The "strength" decreases along each row. The 
parameter 1' = 0.4. See the text for a further explanation. 
32 
,.._=O.S 
x::::0.75 
7':0.2 
1"=0.5 
fl.ru=i.O 
x=0.75 
7':0.2 
T=0.5 
'1~=2.0 
x:0.75 
7':0.2 
T=().5 
q.,..6=4.0 
x:0.75 
7':0.2 
T=0.5 
lmpactParamec.et 
./...f;J" 
\~011I~;~ 
.• fm_F*tt.Pu~ 
.... -. 
Impact Par&mdotf 
'1...-::0.5 
x=0.5 
7'=0.2 
r=O.S 
IJ..,u=LO 
x:0.5 
7'=0.2 
T=0.5 
,_.,..=2.0 
x=O.S 
7'=0-2 
r=O.S 
~~ .. =4.0 
x=0.5 
7'=0.2 
T=0 . .5 
Analytic Models 
lmpa.ctPva~ 
lm~ 
IJ,. • .,.=0 . .5 
x=0.2S 
1''=0.2 
T=0.5 
IJ,.u=I.O 
x=0.2S 
>'=0.2 
T=0.5 '." · · 
'1 ....... =2.0 
,:0.25 
>'=0.2 
T=0.5 
'1'-1=4.0 
x=0.25 
-,'=0.2 
T=0.5 
Figure 2.3.1: (b) The same as Fig. 2.3.1 (a), but with 1' 
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Figure 2.3.1: (c) The same as Fig. 2.3.1 (a), but with 1' 
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The dependence of morphology on the three parameters is shown in Fig. 2.3.1. 
More damage is done to the disks as the strength, X, and the central concentration of 
the intruder (smaller 1') increase. The non-penetrating collisions (the first two rows 
in Fig. 2.3.1, ie. 'f/max = 1, 0.5) produce two-armed spiral features as exhibited in the 
n-body experiments of Toomre (1978). In the cases where the impact point is one-
quarter the disk radius (row 4), rings form, although in the strongest interaction at 
this impact parameter 'f/max = 4, X = 0. 75, 1' = 0.2 in Fig. 2.3.1 (b)) an arm also 
extends outward through the disk. At intermediate impact parameters a one-armed 
spiral pattern is more prevalent. With decreasing impact parameter a transition is seen 
that goes from two-armed spiral, through one-armed spirals, to formation of a ring. 
The transition from spiral to ring patterns appears to take place at impact parameters 
somewhere near 0.25 of a disk radius depending on the strength and concentration of 
the intruder, approximately in agreement with the results of the n-body experiments 
of Lynds & Toomre (1976) and especially Toomre (1978). This agreement exists even 
though Lynds & Toomre considered parabolic collisions with a 2:1 mass ratio between 
the galaxies, a situation in which one might not expect the impulse approximation to 
be applicable. 
This transition can be understood qualitatively by considering the magnitude and 
directions of the imposed velocity impulses. In all cases there is a velocity component 
that produces a compression toward the line connecting the disk center and the intruder. 
When the center of the intruder does not penetrate the disk, there is only simple tidal 
stretching along this same line. Differential rotation shears this elongated form into 
a two-armed spiral pattern. When the intruder center penetrates the disk, however, 
on one side there is a compression, rather than a stretching, toward the impact point. 
The arm on that side of the disk disappears, being replaced by an arc that can appear 
as an inner ring, leaving the galaxy with one arm. As the impact point moves more 
toward the center, axisymmetry is approached and arms are replaced by rings. 
As the strength parameter decreases the galaxies become less distorted and the 
morphologies tend toward more symmetric forms. Likewise, as the intruder becomes 
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more extended at the same strength, nearly symmetric rings appear more often. Note 
that the strong collision half way out in the disk with an extended intruder (X = 
0.75,1' = 0.8 in Fig. 2.3.1 (c)) forms a ring. 
The morphologies produced in the grazing encounters ( TJmax = 1, .5) correspond closely 
to those found numerically by Byrd & Howard (1992) in a collision inclined by 40° to 
the disk normal. Their Figure 3 exhibits the same near and far side arm structure as 
seen the model discussed here. Byrd & Howard suggest that encounters at approxi-
mately 60° from the disk are most common and are important for the formation of 
grand design spirals. The ring and arm morphology evident in Barnes' (1992) n-body 
study (see his Figure 3) also mimics forms produced by the model. 
2.3.2. Lifetimes of Features 
Kinematic features typically appear to remain in the disk for tens of rotation periods 
of the outer disk before phase mixing washes out all obvious patterns (see Section 
4.4.1.1). With galactic disk rotation periods on the order of a few 108 years, then 
kinematic features persist for 109 to 1010 years. It might be expected that dynamical 
processes would completely dominate the disk in a much shorter time, and Sundelius 
et al. (1987) have shown numerically that tidal arms can last some 3 x 109 years 
for a typical galaxy. Byrd & Howard (1992) conclude that these perturbations are 
important in driving spiral structure. Presumably processes such as swing amplification 
(Toomre 1981) are contributing to the longevity of the spiral structure in the dynamical 
simulations. But even in the absence of dynamics, a single passage of a low-mass 
intruder can initiate a very long-lived dramatic morphological response. 
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2.4. Summary 
A kinematic model was derived for the collision of disk galaxy with a small, fast 
spherical galaxy which moves parallel to the disk galaxy's rotation axis, but does not 
pass through the center of the disk. This model shows that the the morphological forms 
found in then-body experiments of Toomre (1978) and Byrd & Howard (1992) can be 
understood in terms of stars executing epicyclic oscillations about a circular guiding 
center in the plane of the disk after receiving a velocity impulse from a second galaxy. 
Use of these analytic expressions provide a convenient and computationally inexpensive 
method to search parameter space in preparation for full n-body/gas dynamics models 
of observed systems. The resulting morphologies depend on the "strength" parameter 
(which includes the mass and relative velocity of the intruder), the impact parameter, 
and the central concentration of the intruder. Distant encounters produce transient 
two-armed spiral features, collisions through the outer parts of the disk make one-
armed spirals, and central collisions produce rings. 
Chapter 3. 
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In principle, the dynamics of galaxy interactions can be computed exactly from 
Newton's Laws. If the problem is reformulated in terms of a distribution function that 
obeys the Boltzmann Equation, both stellar and gas dynamics can be expressed in 
similar terms, the two cases differing mainly by the inclusion of a collisional term for 
the gas. 
However, neither the direct calculation of 1011 two-body forces, nor the solution 
of a complicated system of 6-dimensional differential equations is feasible with cur-
rent computers. The computationally intensive problems are (1) determination of the 
gravitational potential and (2) calculation of the local pressure forces for the gas. To 
solve the problem, particles are chosen which are considered to sample a probability 
distribution that reproduces the desired distribution function. In order to represent the 
collisionless stars, enough particles must be used to provide adequate spatial resolu-
tion, ensure the collisionless nature of the simulation, and suppress discreteness noise. 
For a discussion of these issues, see Sellwood (1983, 1987) and references therein. It is 
enough to note here that values of n > 103, where n is the number of particles, should 
be barely adequate although, as is the case for many things, "more is better." Similar 
considerations hold for a particle description of gas with the additional constraint that 
there must be enough particles in any given spatial region to adequately represent rel-
evant pressure gradients. Extension of the discussion given in Balsara (1990) implies 
that n ~ 104 is near the minimum needed for modeling a disk galaxy. 
In the following sections the computational methods used to model the galactic 
dynamics are described. Following that is a discussion of the model galaxies used as 
the initial state in computational runs. 
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3.1. Numerical Techniques 
The routines to calculate the dynamics are taken from Balsara, who developed 
a code to study the evolution of astrophysical jets (Balsara 1990). As a part of the 
current project, Balsara's code was tested and routines added specific to the problem 
of initializing, modeling, analyzing, and visualizing colliding galaxy models. The cal-
culations were performed on the Cray-2 at the National Center for Supercomputing 
Applications. 
The method of numerically solving for the gravitational potential is discussed in 
Section 3.1.1 and the technique used to model hydrodynamics is given in Section 3.1.2. 
3.1.1. Particle Mesh N-Body Technique 
The solution of Poisson's equation for the gravitational potential in the code is 
handled by a method referred to as the Particle Mesh (PM) technique (see Hackney & 
Eastwood 1988). The potential is calculated on a three-dimensional Cartesian grid and 
the force on an individual particle is determined by finite-differencing and interpolation. 
The advantage to this procedure is the speed attained by using discrete Fast Fourier 
Transform routines (FFT) to calculate the potential. The primary disadvantage is 
the necessity of imposing a grid, which introduces a preferred direction and limits 
the spatial volume available in which to conduct the calculation. The procedure for 
calculating gravitational forces known as the Hierarchical Tree Method has recently 
become popular (see Barnes & Hut 1989). The tree procedure does not rely on a 
grid, instead calculating the force due to nearby particles directly and using low-order 
multipole expansions to find the potential due to distant groups of particles. Even 
though the tree code is an efficient method, the PM technique still permits a larger 
number of particles to be used. The basic PM scheme is described below (see Hackney 
& Eastwood 1988). 
A Greens function formulation is used to solve Poisson's Equation, which is 
(3.1.1) 
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where G is Newton's gravitational constant, cp is the potential, and pis the total mass 
density. If a function Q(r- r') can be found such that 
(3.1.2) 
then 
p (r) = j p (r') b (r- r') dr' = j P (r') v;g (r- r') dr' (3.1.3) 
and 
v;q; (r) = 47rG v; j P (r') g (r- r') dr', (3.1.4) 
which yields the solution 
q; (r) = 47rG j P (r') g (r- r') dr'. (3.1.5) 
In three dimensions, with the boundary condition that the potential is zero at infinity, 
the Greens function is 
1 
g = 1 ........ ,1. r-r (3.1.6) 
For a discrete set of N grid points of mass ffii at position Ti, the potential is 
N 
q; (r) = 47rG L mi b (r- ri) g (r- ri) . (3.1.7) 
i=1 
The mass density at grid point i is p(ri) = mib(r- ri) and at grid point j the potential 
IS 
or, for brevity, 
q; (rj) = 47rG L P (ri) g (lri- ril) 
i::Jj 
cp j = 47rG L Pi9ij . 
(3.1.8) 
(3.1.9) 
If there 2K grid points in each Cartesian direction, we define the discrete Fourier 
transfonns 
K-1 K-1 K-1 
</Jk = 13/2 L L L cl'jexp ( -i?rk. )/K) ' 
(2K) ix=-K jy=-K iz=-K 
(3.1.10) 
and 
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K-I K-I K-I 
Pk = 
1
312 L L L pjexp ( -i1rk · )/K) (2K) ix=-K jy=-K iz=-K 
K-I K-I K-I 
9k = 
1
312 L L L Qlexp ( -i1rk -1/K) , (2K) lx=-K ly=-K lz=-K 
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(3.1.11) 
(3.1.12) 
where the vectors) and 1 denote ri and r1 = ri - ri, respectively. Use is made of the 
discrete Fourier transform theorem, which states that if three sets of 2K numbers are 
related by 
1 
Zk = 1/2 LY(k-k') Xkl' (2K) k' 
then 
Zp = Yp Xp' (3.1.13) 
where the subscript p denotes the corresponding quantity's discrete Fourier transform. 
For the present problem, in three dimensions, 
(3.1.14) 
and the problem has been reduced to one of multiplying coefficients and then taking the 
inverse transform of <f>k· By setting ri at the origin of coordinates in the expression for g, 
1 = } and all sums span the same range so the convolution coefficients can be directly 
multiplied. Note that the Greens function does not depend on the time-dependent 
density so its transform need only be performed once. 
Density is assigned to each grid point by summing the mass of nearby particles. 
The "cloud-in-cloud," or CIC, method assigns a portion of each particle's mass to the 
eight closest grid points (see Hockney & Eastwood 1988). The CIC method yields 
piecewise linear forces, compared to the piecewise constant ones of the Nearest Grid 
Point (NGP) method used by some other investigators. The CIC scheme also reduces 
mesh displacement fluctuations when compared to NGP. 
A drawback of the FFT formulation is that it assumes periodicity on the length 
scale of the bounding box. To produce the correct potential (subject to the previous 
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approximations used in density assignment to the grid) values for an isolated system, 
corrections need to be made to suppress unwanted "aliases" that would otherwise be 
present. The method used here is to double the length of the grid in each orthogonal 
direction, setting the density values to zero everywhere on the extra mesh points. The 
active grid is still limited to the original volume, but it has been shown that this 
procedure yields exactly the correct potential in the region of interest (Eastwood & 
Brownrigg 1979). 
Once the potential values are known, forces are calculated at the grid points by 
taking finite differences and force values are interpolated at the particle position using 
the CIC scheme. By using the same density assignment and force interpolation method, 
momentum is conserved and self-forces are eliminated. 
Balsara's implementation of the program was checked for its ability to correctly 
calculate two-body forces and to handle the collapse of a spherical collisionless sys-
tem. These tests initially revealed that an incorrect evaluation was taking place in a 
vectorized loop which had to be changed. 
3.1.2. Smoothed Particle Hydrodynamics 
The hydrodynamic evolution of the gas in the galactic disk in followed using the 
method known as Smoothed Particle Hydrodynamics (SPH). In SPH gas fluid elements 
are represented by particles, but these particles do not model some sort of ballistic gas 
clouds which have been endowed with some "sticky" attribute (as in e.g., Noguchi 
1987; Olson & Kwan 1990a,b). Rather, SPH is a method of evolving the continuum 
fluid equations, analogous to the more traditional finite difference schemes. SPH has 
been used in the study of astrophysical jets (Balsara 1990), rotating stars (eg. Gingold 
& Monaghan 1977, 1981; Lucy 1977), stellar collisions (Benz & Hills 1987, Rasio & 
Shapiro 1991 ), cloud fragmentation and collisions (Lattanzio et al. 1985, Gingold 
& Monaghan 1983), supernova explosions (Herant & Benz 1991) and has been taken 
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through the traditional shock tube and collapse tests (Gingold & Monaghan 1982, 
Monaghan & Gingold 1983, Hernquist & Katz 1989). 
The SPH formalism is ideally suited for three dimensional simulations in which 
distorted geometries occur naturally. It incorporates easily into the n-body gravita-
tional code and computational time is not wasted on uninteresting empty regions of 
the computational domain. 
A description of the SPH method is presented in the following sections. First the 
basic philosophy is given, followed by a brief presentation of the SPH equations of 
motion, and a short discussion of shock capturing terms. 
3.1.2.1. Basic concepts 
As is usual in computational fluid dynamics the medium is represented as a collec-
tion of fluid elements. But instead of attaching a grid to these elements (the Lagrangian 
method) or allowing the fluid to move through a stationary grid (the Eulerian case), 
a location in the fluid is chosen, called a "particle" and assigned the local attributes 
of density, velocity and energy. To sample the fluid as closely as possible as large a 
number of particles as is computationally feasible is chosen. Masses are assigned to the 
particles assuming that the particle mass density is proportional to the mass density 
of the fluid. As the system is evolved the positions of the particles (fluid elements) 
are regarded as a random sample from a probability density proportional to the mass 
density (Gingold & Monaghan 1982). The problem is then one of estimating the den-
sity (and other quantities) from a sample population and statistical methods based on 
smoothing kernels are used. 
Interest in SPH has grown in recent years and attempts have been made to relate the 
technique to more traditional methods ( eg. Monaghan & Lattanzio 1985; Monaghan 
1985; Balsara 1990). It has been suggested that "finite difference methods are just 
particle methods where the particles are fixed and have a mass that varies with time" 
(Monaghan & Lattanzio 1985). Another way to think of the particles are as moving 
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interpolation points (Monaghan 1985). Monaghan (1992) has recently written a review 
article which discusses many of the issues pertaining to SPH. 
From the disordered data points (SPH particles) an estimate of any quantity, j, is 
given by 
< J (r, h)>= j J (r') w (-r, -r', h) dr' (3.1.15) 
with the normalization j w (-r, -r', h) dr' = 1. (3.1.16) 
W should approach a delta function as the parameter h approaches zero. 
Iff is known at a number of points {ri,r2,r3, ... ,rN} and n(r) is the number 
density of points at r, an estimate off is 
N 
< J(r,h) >~"""' fi w(-r,-rj,h). L....,;n-
j=l J 
(3.1.17) 
Particle j has density pj=njmj which leads to the interpolation formula of SPH: 
This immediately yields the expression for the density 
N 
< p(r,h) >= LmiW(r,rj,h). 
j=l 
Gradients are easily handled by noting that, by definition, 
< Vrf (r, h)>= J W (r, r', h) Vr'f (r') dr', 
and integration by parts (assuming JW is zero on the boundary) yields 
(3.1.18) 
(3.1.19) 
(3.1.20) 
(3.1.21) 
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3.1.2.2. SPH equations of motion 
Monaghan (1982) and Monaghan & Gingold (1983) give a derivation of the SPH 
particle equations of motion, the pertinent points of which are described here. The 
procedure is to write the differential equations of fluid dynamics, multiply each by a 
kernel and integrate over the domain of interest. Isothermality of the gas as a function 
of time will always be assumed and the continuity and momentum equations will be ad-
vanced in time. For this discussion the gravitational term is dropped. The momentum 
and continuity equations are 
(3.1.22a) 
(3.1.22b) 
The restriction is made to use only kernels of the form 
w (r, r', h)= w (irt- r'l, h) (3.1.23) 
and as a consequence partial integration can be used to show that 
< '\lf >= v < f >, (3.1.24) 
assuming that the surface terms are zero. 
Eq. (3.1.22a) is rewritten using the identity 
VP =V(p)+p'\lp, 
p p p2 (3.1.25) 
so that, together with Eq. (3.1.23) linear and angular momentum are exactly conserved 
(total mass is automatically conserved in SPH). The smoothed estimate of Eq. (3.1.25) 
(using Eq. (3.1.24) and the simple approximations given in Monaghan & Gingold 1983) 
IS 
VP P < p > 
<->='\!<->+ 2 V<p> p p < p > (3.1.26a) 
N 
="""' [mi Pi+< P > mi p·] VW(Ir- r·l). ~ p. p . < p2 > p. J J 
J=l J J J 
(3.1.26b) 
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At the location of particle i, the momentum equation is 
(3.1.27) 
where Wij = W(lri- rjl, h) and Y'i denotes a gradient with respect to Ti. Monaghan 
(1982) shows that the same procedure leads to a expression for the continuity equation 
that involves < p > and is satisfied identically. 
3.1.2.3. Shocks in SPH 
SPH needs an artificial viscosity to correctly model behavior in the vicinity of shock 
fronts. The standard procedure in finite difference methods is to add a viscous pressure 
term of the form 
q = -a:hpcV' · v (3.1.28a) 
or 
(3.1.28b) 
in regions of compression, i.e., where V' · v < 0. Here a: is an adjustable parameter, 
c is the local sound speed and h is the grid spacing. The SPH analogues of these 
viscous terms have been investigated and were found to give poor results (Monaghan 
& Gingold 1983) in that values of a: large enough to damp post-shock oscillations and 
prevent particle streaming through shocks spread the shock front unacceptably. The 
smoothed estimate of V' · v was found to be sensitive only to the average flow and was 
inaccurate near points of discontinuity. Monaghan & Gingold suggested a viscous term 
which was later refined by Lattanzio et al. (1986) to give a new momentum equation: 
(3.1.29) 
where 
(3.1.30) 
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with rij = (ri- rj), Vij =(vi- Vj), Cij = (1/2)(ci + Cj), and 1]=0.1h. This viscosity 
conserves linear and angular momentum and vanishes for rigid rotation. Balsara (1990) 
modified this term to suppress unphysical viscous heating in regions of high shear but 
no compression. The expression for /lij term becomes 
where 
p;; = h (";;. 7';;)) (! (i) + f (j)) , 
Cij rlj + 172 
. 1 < v · v >i 1 
f(z) =I< V · v >i I+ I< V x v >i I+ 0.0001ci/h 
(3.1.31) 
(3.1.32) 
This make f ~ 1 near a compression, but f ~ 0 near regions of high shear, but no 
compressiOn. 
In all the results presented in this thesis, a=l.O and ,8=1.5, which are near the 
values suggested by Monaghan (1992). Time integration is performed using a time-
centered leapfrog method (see Hockney & Eastwood 1988) and spatial filtering is used 
to suppress noise beneath the grid resolution. Adaptive time steps are used with the 
maximum allowed value governed by the minimum value of (h/lvl, h/ jlfi, hfc), where 
] is the force. The smoothing length, h, is held constant. (See Hernquist's (1993) 
remarks concerning smoothing lengths.) 
The kernel used is the Ms spherical spline kernel: 
1 ( 4 3 75 2 125 625) 
207rh3 xii - 10xij + 2xij - Txii + 16 
wtf· = 1 ( 4 3 2 55) 201rh3 -4xii + 20xii - 30xii + 5xii + 4 1 ( 4 2 115) 207rha 6xii - 15xii + 8 
3 5 
-<x<-2- - 2 
1 3 
-<x<-2- -2 
1 
O<x<-
- -2 
(3.1.33) 
where h is the smoothing length and ri and rj are the positions of the ith and jth 
particles. Here, 
(3.1.34) 
Gingold & Monaghan (1982) and Monaghan (1985) contain discussions of the merits 
of various kernels. 
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3.2. Construction of Initial Models 
A steady-state representation of an unperturbed galaxy is desired before modeling 
a collision in which a gas-free spherical galaxy interacts with a gas rich disk galaxy. The 
goal is to make the model as simple as possible, while at the same time including all the 
dynamically important components of a galaxy. The disk galaxy models discussed here 
have (1) a disk of stars, (2) a disk of gas, and (3) a spherical massive halo distribution 
of collisionless gravitating "dark" matter (see Sec. 1.1 ). This halo is dynamically 
important in any interaction (see Barnes 1988, Huang & Stewart 1988) and is therefore 
explicitly represented with particles. However, it is not practical from the standpoint 
of computational efficiency to include an isothermal distribution many times the size 
of the disk itself as suggested by observations (Trimble 1987). The compromise is to 
represent the halo using a spherical model with a density that falls off more quickly 
than 1/r2 at large radii, giving it a finite mass and outer radius. The exact form of the 
distribution is discussed below. 
The disk is represented with a distribution of particles that have a surface density 
distribution matching the observed exponential decline in surface brightness with ra-
dius. The disk is made as thin as possible, but with only a limited number of particles 
it is necessary to give it a greater scale height than observed in real galaxies. The stars 
are given a velocity dispersion sufficient to suppress local axisymmetric instabilities. 
The galaxy which collides with the disk is represented as a gas-free spherical galaxy 
with an isotropic velocity dispersion (specifically, a King (1966) model). 
While self-gravitating, self-consistent n-body collision experiments have been per-
formed for over a decade ( eg. Miller & Smith 1980), computational models of colliding 
galaxies of sophistication similar to the ones presented here have only recently become 
available (e.g. Barnes 1988, 1992; Hernquist & Barnes 1991 ). Hernquist & Weil (1993) 
use a n-body /gas dynamics starting model and method of calculation quite similar to 
the ones discussed here. The general procedure for building these initial models has 
been discussed by many authors, including Sellwood (1987), Barnes (1988), and the 
unpublished book chapter of Miller (1988). But little detail as to the actual procedures 
Computational Models 49 
involved have been published, so the present method will be discussed in some detail 
below. 
3.2.1. King Model 
The stellar component of galaxies can be thought of a collisionless fluid moving in 
phase space. In this vein the stars are described with a distribution function f(x, v, t) 
which satisfies the collisionless Boltzmann (Vlasov) equation: 
8f ... 8! 
- + v · VJ- V«P · - = 0 m a:v ' (3.2.1) 
where «Pis the gravitational potential. Use is made of the Jeans Theorem, as stated in 
Binney & Tremaine (1987): 
Any steady-state solution of the collisionless Boltzmann equation depends on the 
phase-space coordinates only through the integrals of motion in the galactic poten-
tial, and any function of the integrals yields a steady-state solution of the collisionless 
Boltzmann equation. 
This theorem assures that any function of any integral of the motion can be used 
to build a steady-state starting configuration for the simulations. The King model 
distribution function has been used to model the light distribution in observed spherical 
galaxies and is adopted here. The King distribution function depends only on the total 
energy and is: 
f (£) = PI 3/2 (exp (t'/u2)- 1) 
(2?ru2 ) 
(3.2.2) 
=0 
where u is a constant and W = -«P +«Po, t' =-E + «Po= w - ~v2 , «P is the conventional 
gravitational potential, «Po is a constant, and E is the total energy. The constant p1 is 
used to normalize the integral over f to the total mass of the system. The density is 
(3.2.3) 
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which evaluates to 
(3.2.4) 
We substitute this expression into Poisson's equation and defines =rfb and ry= 'll(r)fu2 
to yield 
1 (s2d:~s)) = -41r::ls2fil [exp(~(s)) erf ( JliW)- v4~;s) (1 + 2q3(•)) l· 
(3.2.5) 
With b2 = u 2 I 47rG Pl' 
This differential equation admits a family of solutions based on the central value 
of w(O)fu2• A choice of w(O) = 3u2 gives a compromise between the very centrally 
condensed distributions observed in real galaxies and the need to keep the number of 
central particles relatively small for numerical reasons. This model is similar to those of 
Miller ( eg., Miller & Smith 1980) which are based on a different distribution function 
( n=3 polytropes ). Eq. (3.2.6) is integrated outward using the additional boundary 
condition at the center, dw /dr=O, and the first zero of the potential is reached at 
s1 = 3. 776, which defines the outer edge of the galaxy (the density goes to zero at this 
radius). The total mass, My, is the integral of the density over space 
Poisson's equation is used to substitute for the bracketed portion of the above equation 
to get 
rl [ d ( dry c s))] My= 47r PI b3 Jo - ds s2--;rs- ds, (3.2.8) 
and 
(3.2.9) 
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The numerical result is 
Mr = (2.9844) 47r PI b3 = 0.699 PI R3 (3.2.10) 
where R is the radius of the model. This King model can also be characterized in 
terms of its average density, ji, and central density, Pc: PI =6.013 ji, Pc=13.937 pt, and 
Pc=83.80 ji. 
The distribution is populated with particles by dividing the King model's spher-
ically symmetric phase space into radial bins in both position and velocity and then 
filling those phase space bins. The mass in each bin, of width ~rand ~v, is 
( )2 PI [ ( ,P ( r i) v
2 
) J 2 2 A A Mij = 4 1r 312 exp --2-- -2 2 - 1 ri vj L.l.Ti L.l.Vj (21ru2) u u (3.2.11) 
or 
( )[ ( 2) l ~ ~ 2 2 Mij = 74.786 312 exp 'fJ (ri)- - 2 - 1 ri vj~ri~Vj R3 ( 3u2) 2u (3.2.12) 
If' both sides of Eq. (3.2.12) are divided by the mass per particle it yields the number 
of particles expected per bin under the constraint that ~v2 < u 2ry(r), i.e., that the 
particles are bound. Fractional values for the expected number of particles are handled 
by randomly choosing a number between 0 and 1 and placing a particle in that bin 
if the chosen number is less than the fractional part of the expected value. Finally 
the particles are randomly distributed in angle in both position and velocity space. 
Some parameters of the King model galaxy used as the elliptical intruder are given in 
Table 3.2.1. 
Another possible way to populate the galaxy with stars would be to randomly pick 
radii and velocities in such a manner as to fill out the desired spatial density and 
velocity profiles. This method is used in Section 3.2.3 for building the disk. 
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Table 3.2.1: King Model of Elliptical Galaxy Parameters 
Quantity Symbol Value 
Computational Physical 
total mass MKing 35000 1.74 X 1011 M0 
no. particles NKing 4953 -
outer radius RKing 6.0 19.2kpc 
rms radius J< Rking > 1.99 6.37kpc 
velocity dispersion a King 0.153 247km s-1 
3.2.2. Halo 
Following a method similar to that described in Barnes (1988), a King model (as 
described in Section 3.2.1) serves as a model for the galactic halo. So as not to violently 
perturb the halo by suddenly imposing a massive disk into this model, the analytic force 
due to a thin exponential disk is slowly imposed over several stellar crossing times. 
This method may somewhat mimic the actual way the disk formed as it collapsed in 
the potential of the halo. 
The potential for a two-dimensional exponential disk of surface density I:(r) 
I:o exp(-riRd) is (see Binney & Tremaine 1987) 
<P(r,z) = -27rG2:oR31oo Jo(kr) exp(-:~~l)dk. 
0 [1 + (kRd) 2] (3.2.13) 
In this expression Jo is the oth Bessel function and Rd is a constant. The integral is 
made dimensionless by defining e = k Rd' w - r I Rd' and ( - z I Rd. Then 
<P (w, () = G Mexp { 00 Jo (we) exp (-(e) de 
Rd Jo [1 + ezJ3/2 ' (3.2.14) 
where Mexp is the mass of the infinite exponential disk, Mexp=27r2:o R3. The integral is 
evaluated numerically and a table of values in r-z space is produced. At each time step 
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a subroutine to the main program calculates the force at the position of each particle 
by simple differencing of the tabulated potential values. This force is then added to 
the force obtained by the FFT self-consistent force calculation (see Section 3.1.1). 
This procedure is carried out over four crossing times with a King model consisting 
of approximately 25,000 particles. The final mass of the disk is 2/5 that of the halo. 
The halo with the full disk force imposed is allowed to relax for an additional two 
crossing times. The diagonal components of the moment of inertia tensor of the King 
model decreased by about 20 percent along the axes coincident with the disk and by 
approximately 25 percent in the normal direction as the disk potential was imposed. 
The total rms velocity of the halo increased by 33 percent. The final disk potential 
introduces no overall coherent streaming motion in the halo, although the velocity 
dispersion tensor naturally becomes anisotropic. See Table 3.2.2 for a list of halo 
parameters. 
3.2.3. Three-Dimensional Disk Construction 
Since an exponential surface density disk and surrounding halo is desired, the sim-
ple distribution function formulation formulation is not available for creating the disk 
galaxy. Instead, the gross observed characteristics of disk galaxies are followed and 
a configuration is built which changes little over the collision time scales. Stars are 
placed in circular orbits and given the random in-plane velocity dispersion needed to 
ensure disk stability (Toomre 1964). The structure of the disk in the vertical direction 
is less well known (see e.g., Bahcall & Soniera 1980 and Gilmore, Wyse & Kuijken 
1989). It is assumed that the self-gravity of the disk is the dominant contributor to 
the z-component of the local force field in the disk, and the first moment of the Vlasov 
equation and Poisson's equation are 
8p(r,z) + p(r,z)8<I>(r,z) = 0 az a;(r) az ' (3.2.15) 
82<I> (r, z) 
Bz2 =47rGp(r,z), (3.2.16) 
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Table 3.2.2: Disk Galaxy Halo Model Parameters 
Quantity Symbol Value 
Computational Physical 
total mass Mnalo 25000 1.24 X 1011 M8 
no. particles Nnalo 24953 -
rms radius V< R1Ialo > 2.48 7.94kpc 
principle axes of fxx 1.46 4.67kpc 
moment of inertia fyy 1.45 4.64kpc 
tensor fzz 1.38 4.42kpc 
velocity dispersion 0' Halo 0.136 220km s-1 
principle axes of O'xx 0.0781 126km s-1 
velocity dispersion O'yy 0.0779 126kms-1 
tensor (]' zz 0.0804 130km s-1 
where ci> is the gravitational potential, p is the mass density, and a z is the velocity 
dispersion in the z direction. Derivatives involving ci> are eliminated from the two 
equations to get 
82 ln ( ) __ 47r G p ( r, z) 
a 2 p r, z - 2 ( ) z az r (3.2.17) 
This equation has the well known solution ( e.g., see Spitzer 1978) 
p(r,z) =p(r,O) sech2 (z/H), (3.2.18) 
where 
H = O'z r 
( 
2 ( ) ) 1/2 
- 21rGp(r,O) ' (3.2.19) 
Computational Models 55 
assuming that the velocity dispersion in the direction perpendicular to the disk (the z 
direction) is independent of z. Combining this with the exponential surface density 
~ ( r) = ~o exp (-~d) , (3.2.20) 
yields the total density 
p(r, z) = 4:~x~~ exp (-~d) sech2 (;) (3.2.21) 
where Mexp is the formal total mass of the infinite exponential disk ( = 27r~oR~). In 
the above it is implicitly assumed that H is a constant. A value for H is chosen, which 
sets the z velocity dispersion at any given radius. 
In order to assign velocities, the force law in the combined disk/halo potential is 
needed. The force in the disk plane is extracted numerically from the PM program and 
then fit with a polynomial of the form 
(3.2.22) 
The coefficients for the "standard" galaxy model are: ko = -9.82760 x 10-4 , k1 = 
2.49675 X 10-2 , k2 = -1.59151 X 10-2 , k3 = 4.20399 X 10-3 , k4 = -5.20921 X 10-4 , k5 = 
2.49402 x 10-5 . 
The force is set to zero for a few particles (approximately 10 of 25,000) which receive 
negative forces due to the approximate nature of the polynomial fit. This force law 
permits calculation of the circular velocity profile, Vc, the circular angular frequency, 
f!(r), the epicycle frequency for small radial oscillations, "'' and Toomre's stability 
criterion, Q: 
(3.2.23) 
(3.2.24) 
(3.2.25) 
(3.2.26) 
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A global value of Q=1.5 is chosen, which determines the radial velocity dispersion, 
o"r(r ). The circular velocity, epicycle frequency and radial velocity dispersion for the 
standard galaxy are shown in Fig. 3.2.1. 
A rejection method is employed, similar to the one described in Press et al. (1986, 
p. 203) to populate the disk with particles. The spatial surface density in the disk plane 
is I:(r) = L:oexp(-r/Rd) and the total mass is Mexp = 27r f000 L:(r)rdr = 27ri:oR~. 
So 
271" J000 I: r dr J000 exp ( -r / Rd) r dr 
--=-='-----------:=-- - - 1 
21r I:o R~ - R~ - (3.2.27) 
We identify the probability distribution, P( r ), as 
(3.2.28) 
Radii, r, are randomly picked in the range [O:Rmax], where Rmax is some chosen cut-off 
radius, to obtain an associated value of P(r ). A second random number is chosen in 
the range [O:Pmax], where Pmax is the maximum value of P(r) (Pmax = exp( -1)/ Rd)· 
If the second random number is less than P(r), a particle is placed at that radius and 
at a randomly chosen azimuth. If the second random number is greater than P( r ), that 
radius is rejected and the procedure is repeated until the desired number of particles 
is reached. A similar method is used to distribute particles in the z direction with the 
desired sech2(z) profile. 
For a given r and a specified value of Q, the circular speed and radial velocity 
dispersion is calculated. For consistency we are led to the relationship (see Binney & 
Tremaine 1987) 
(3.2.29) 
where a ¢I is the azimuthal velocity dispersion. The specific radial velocity for a particle 
is chosen from a Gaussian distribution (centered on zero) with the desired dispersion 
using the rejection method. An additional azimuthal velocity is chosen in the same 
manner and added to the circular velocity. Given a value of the vertical scale height, 
H, a z velocity is likewise chosen from a Gaussian. 
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Figure 3.2.1: The circular speed, epicycle frequency and radial veloc-
ity dispersion for the standard model galaxy. Since one velocity unit 
scales to 1615 km s-1 for a galaxy like the Milky Way, the peak circular 
velocity is about 250 km s-1 and the radial velocity dispersion near the 
solar radius is about 24 km s-1. The epicycle frequency for a singular 
isothermal sphere with v=.14 or 226km s-1 is shown for comparison. 
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This method gives a disk which is approximately initially in a steady state. Possible 
problems arise from the thin disk approximations and from the fact the azimuthal 
velocities are not corrected for the presence of random radial motions in the disk plane. 
(This latter effect decreases the azimuthal velocity needed to remain in steady state. 
In the limit of very large random radial motions, the average azimuthal velocity at any 
radius tends toward zero.) Due to their small magnitudes, these are not major concerns 
for the collision experiments, however, as is shown in 3.4. The parameters used for the 
disk model are given in Table 3.2.3. 
3.2.4. Disk Gas Distribution 
The gas density distribution follows the same form as the stellar distribution. The 
gas is supported in the radial direction by rotation (see Struck-Marcell 1991) and we 
seek the pressure, P, necessary to support the gas to a specified scale height perpen-
dicular to the plane of the disk. Use is made of the equation of hydrostatic equilibrium 
8P(r,z) 8<P(r,z) 
8z = - Pgas Dz , (3.2.30) 
and Eq. (3.2.15) 
8<P ( r, z) u; 8Ptotal 
- -- --'-:::---
8z Ptotal 8z 
(3.2.31) 
where Pgas is the gas density and Ptotal is the total mass density (gas plus stars). We 
define TJ as the ratio of gas density, Pgas, to total density, Ptotal, 
TJ = Pgas = TJ (r) at most. 
Ptotal 
(3.2.32) 
Combining Eq. (3.2.30) and Eq. (3.2.31 ), 
8P 2 8Ptotal 
8z = uz TJ 8z (3.2.33) 
which has the solution 
P = [u; rt] Ptotal = u; Pyas· (3.2.34) 
Comparing this to the isothermal equation of state, P = pc2 , we identify c2 = u; so that 
the stars (in the z direction) have the same "temperature" as the gas. The gas scale 
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Table 3.2.3: Stellar Disk Model Parameters 
Quantity Symbol Value 
Computational Physical 
total mass MDisk 9079 4.50 X 1010 M0 
no. particles NDisk 25000 -
rms radius V< RlJisk > 2.53 8.10kpc 
rms thickness fzz 0.196 627pc 
avg. rotation velocity < Vtfo > 0.131 217km s-1 
globally summed velocity 
dispersions 
< O"rr > 0.0242 39.1km s-1 
< O"tfotfo > 0.0395 63.8km s-1 
< O"zz > 0.0235 38.0km s-1 
radial scale length Rd 1.25 4kpc 
radial cutoff Rcut 5.5 17.6kpc 
z scale height H 0.25 800pc 
Toomre Q Q 1.5 1.5 
Central surface density :Eo 1016.5 492 M0 pc-2 
height is set equal to the stars' radially constant scale height which implies that the 
temperature falls off exponentially with radius. An alternate prescription has been used 
by Hernquist & Weil (1993), in which the temperature is spatially constant, which would 
seem to imply an exponentially growing scale height for the gas. Their actual procedure 
is unclear, however, since they use only approximately 8, 000 particles, which is not 
conducive to representing a large scale-height disk. Table 3.2.4 contains computational 
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Table 3.2.4: Gas Disk Model Parameters 
Quantity Symbol Value 
Computational Physical 
total mass Mgas 894 4.43 X 109 M8 
no. particles Nsph 22506 -
initial particle separation dl 0.159 509pc 
smoothing length h 0.223 714pc 
central density p(O,O) 203.3 1.25mH cm-3 
central sound speed c(O) 0.0323 52.2km s-1 
central temperature T(O) 3.25 X 105( m:) K 
parameters used for the gas disk. In the initial state, particles are equally spaced in all 
three dimensions and masses are assigned as suggested in Monaghan (1992). 
3.3. Scaling and Resolution 
For purposes of discussion in the later sections numerical parameters are scaled so 
that the disk galaxy is similar to our own Milky Way galaxy. With this choice the disk 
has a total mass of 5 x 1010 M0, the total gas mass is 5 x 109 M8 , the halo mass is 
1.25 x 1011 M8 and the intruder mass is 1. 75 x 1011 M8 . The disk scale radius, Rd, is 
4 kpc and the disk is cut off at a radius of 17.6 kpc. The disk rotation velocity, averaged 
over the entire disk, is 211 km s-1. The disk scale height in the z direction is 800 pc. 
The gas density ranges from about 0.002amucm-3 above the outer edge of the disk 
to about 0.7amucm-3 at the center of the disk. The relative velocity of approach of 
the two galaxies' centers of mass is 455km s-1 at an initial separation of 30kpc. The 
adopted scaling is given in Table 3.3.1 
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Table 3.3.1: Illustrative Scaling of Numerical Parameters 
Quantity Symbol Physical Value 
mass m 4.96 X 106 M0 
9.92 X 1039 g 
length l 3.2 kpc 
9.88 x 1021 em 
velocity v 1615 km s-1 
time t 1.94 x 106 years 
density p 1.03 X 10-26 gem - 3 
6.18 x 10-3 mn cm-3 
Table 3.3.2: Some Computational Parameters 
Quantity Symbol Value 
Computational Physical 
Computational domain XxYxZ 20 X 20 X 20 64 X 64 X 64kpc 
PM grid dimensions nx X ny X nz 64x64x64 -
PM grid spacing b..L 0.3125 1kpc 
SPH smoothing length h 0.223 714pc 
Gravitational constant G 2.578 X 10-6 1.67 x 10-8 em erg g-2 
Spatial resolution is limited to the study of features on approximately the kiloparsec 
scale. Some parameters of the computations are presented in Table 3.3.2. 
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3.4. Steady State Initial Model Galaxy 
To a check that the model galaxies do not develop significant structure different 
from the initial state over the time scales under consideration, they were evolved in 
isolation. An unperturbed King model was monitored for many stellar crossing times 
and changes from the initial model in the density profile, velocity dispersions, moment 
of inertia components and kinetic model were small. These measurements provide a 
check of both the method of constructing the King model and the gravitational force 
calculation in the FFT program. 
The ability of the disk galaxy to maintain its integrity is more uncertain since 
(1) its structure was not derived from an exact solution to the Boltzmann equation, 
(2) the thin disk approximation was used for the analytic disk force calculation, and 
(3) errors may arise from the inexact nature of the polynomial fit and its derivatives. 
The time scale for the collision experiments is on the order of one disk rotation period, 
so an isolated disk galaxy was evolved for about two rotation periods and checked for 
significant changes. The density of the halo at different times in this evolution is shown 
in Fig. 3.4.1. 
The morphology of the disk star and gas particles is shown in Fig. 3.4.2. The 
rotation period at two radial scale lengths from the disk center is about T=100. The 
disk shows little changes for one rotation period, but develops some spiral structure after 
that time. Some of this may be due to the disk only being in approximate equilibrium 
at the start of the experiment, but it is also well known that, even with Q ~ 1, 
computational disks are very prone to develop such global structure over similar time 
scales ( e.g., Hohl & Hockney 1969, Hohl 1978) and discreteness noise can be amplified 
by "swing amplification" (Toomre 1981). Non-axisymmetric structure develops much 
slower in the disk discussed here than in the disk of Hernquist & Wiel (1993). 
The surface density in the disk for both the stars and gas at different times is 
given in Fig. 3.4.3. Some radial bumps are apparent, but these are small compared to 
the structure that will develop in the strong collision experiments under investigation. 
As a another check, the average radial velocity, the rms radial velocity and the rms 
~ 
·c;; 
c: 
1000 
100 
Computational Models 
Halo 
Time=O -+-
46 -+---
96 -o---
146 ··X······ 
176 -.S.·-·-
63 
c3 10 
0.1 
0 5 10 15 20 25 
Radial Bin Number 
Figure 3.4.1: The density of the halo as the disk galaxy is evolved in 
isolation. 
30 
z velocity are shown in Fig. 3.4.4. Any tendency for overall radial contraction or 
expansion will show up in the radial velocity plot while the rms velocities measure the 
"heating" of the disk. After an initial outward motion, the disk shows a slight secular 
radial contraction over two rotation periods (Fig. 3.4.4). The magnitude of the these 
velocities are very tiny, however, scaling to about 3km s-1, which is only 3pcMyr-1. 
The disk also appears to heat with time, but only at the level of increasing the rms r 
and z velocity components by approximately 1 km s-1 over two disk rotation periods. 
In summary, the disk galaxy holds together very well over a periods longer than 
those of interest for the collision experiments. There is some tendency for the disk to 
develop sheared spiral structure, but density variations in the unperturbed disk are 
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much smaller than those expected in the strong collisions which will be considered. 
Any significant changes which occur in the disk galaxy when it is perturbed by the 
passage of a second galaxy can reliably be attributed to the interaction. 
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Initial Disk 11me=36 
11me=76 Time=116 
11me=156 Time=176 
Figure 3.4.2: (a) The model disk as it is evolved in isolation for 
approximately twice as long as the collision experiments. The period 
shown covers approximately two disk rotation periods. Only the disk 
stars are shown here. 
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Figure 3.4.2: (b) The same as Fig. 3.4.2 (a), except for the SPH gas particles. 
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Figure 3.4.3: The surface density in the isolated disk as it was evolved 
for two disk rotation periods. The stellar disk is shown at top and the 
gas disk at bottom. 
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Chapter 4. 
Results of Numerical Calculations 
Results of the numerical calculations are presented in this chapter. An axisym-
metric collision is discussed in detail in Section 4.1. Those results are compared to 
collisions which have a non-zero impact parameter in Section 4.2. One of the mod-
els from Section 4.2 is discussed in the context of observations of a specific system in 
Section 4.3. A comparison is made between the analytic model of Chapter 2 and the 
numerical results in Section 4.4. 
4.1. Axisymmetric Ring Formation 
In this section the behavior is investigated of both stars and a continuum gaseous 
galactic medium when they are strongly perturbed in a collision between two galaxies. 
Specifically, the collision between a gas-rich centrifugally-supported disk galaxy and a 
gas-free spherical galaxy is modeled. The spherical galaxy passes through the center of 
the disk galaxy, along the disk's axis of rotation. 
As a goal of this investigation is to bridge results from numerical experiments and 
observations of collisionally produced ring galaxies the choice is made to model an in-
teraction between two equal mass galaxies. Reasons for modeling a collision between 
two massive galaxies are (1) galaxies of at least comparable mass produce large ampli-
tude rings, (2) both a bright ring and a bright companion galaxy are more likely to be 
detected observationally, and (3) a collision such as modeled here is difficult to study 
analytically due to the induced large amplitude motions both in the disk plane and in 
the direction perpendicular to it. 
A significant difference between this investigation and previous ones is the incorpo-
ration of the gravitating gaseous component into a fully three-dimensional experiment. 
The collision is followed for those times during which the ring is prominent and the 
companion is relatively nearby, as is the case for the observed rings of Theys & Spiegel 
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(1976). Regions of high gas density and shocks are located and identified as regions 
where active star formation is likely to be taking place. 
This section is divided into three subsections. The results are presented in Sec. 
4.1.1 and possible implications of the results are discussed in Sec. 4.1.2. Sec. 4.1.3 
contains a summary. 
4.1.1. Results 
Presentation of the results is divided into two sections: a morphological description 
of the collision followed by quantitative results. Units of time can be scaled as in Section 
3.3 so that one unit of simulation time, T, is 2 million years. 
4.1.1.1. Morphology 
A time sequence showing the intruder and the edge-on stellar disk is presented 
in Fig. 4.1.2. The disk, viewed from above, is shown in the top panels of Fig. 4.1.3. 
Both figures appear at the end of this section. N-body particles are depicted at the 
top left and SPH particles are shown at the top right in Fig. 4.1.3. Some care should 
be taken when viewing plots of SPH particle position. While the plots do indicate 
the morphology, each particle can have an arbitrary mass and a high density of SPH 
particles does not necessarily indicate a proportionally high gas density. For that reason 
the three-dimensional gas density at the position of the SPH particles is shown at the 
bottom of Fig. 4.1.3, where the x-axis corresponds to the horizontal axis in the panels 
at the top. 
The collisionless particles respond similarly to those in previous investigations (e.g., 
Lynds & Toomre 1976; Huang & Stewart 1988; Theys & Spiegel 1977). The disk 
initially contracts radially and bows toward the incoming intruder. Soon after close 
approach, the inflow produces a density enhancement in the inner parts of the galaxy. 
The inward motion stops when the particles reach their centrifugal barrier and "bounce" 
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outward. The particles in the inner part of the disk bounce first, while the outer parts 
of the disk are still contracting. 
Strictly speaking, this collision is so strong that inferences made by studying small 
amplitude radial motions are invalid. Nevertheless, the qualitative behavior of the 
particles can be understood if one regards the stars as executing radial oscillations 
about their initial radius after receiving a radial velocity perturbation from the intruder. 
The frequency of these epicyclic oscillations in the disk decreases with increasing radial 
position, and the different time scales in different parts of the disk cause stellar orbits 
to crowd together and perhaps cross, forming a density wave that propagates outward 
as an expanding ring (see Lynds & Toomre 1976; Struck-Marcell & Lotan 1990). 
The stellar ring can be seen to expand and broaden as it moves outward so that after 
T=51 (102 Myr) the stellar ring has largely dispersed. During the expansion a large 
fraction of the total disk mass is contained in the ring. The disk surface density changes 
from a smooth exponential (T=3) to a diffuse structure with a relatively dominant 
nucleus (T=71). The gaseous ring has much sharper, thinner features since (1) the 
gas is collision-dominated and (2) has no radial velocity dispersion in the initial galaxy 
model. 
Owing to the large mass of the intruder, the disk is bowed considerably out of 
a planar configuration. When the inner part of the disk expands radially, it does 
so displaced laterally from the outer infalling portion. The two opposing streams of 
material do not meet head on; instead stars and gas move somewhat in a toroidal flow 
in the vicinity of the ring (as Lynds & Toomre speculated). The incoming and outgoing 
gas meet and form a shock on the underside of the disk as shown in Fig. 4.1.1. The 
shocked gas is swept up and carried out with the outfiowing material. As a result of 
this three-dimensional morphology the gas ring is broader and less dense than if the 
motion had been constrained to only two dimensions. 
Due to the separation of expanding and contracting material in the direction per-
pendicular to the disk, the stellar and gaseous rings are displaced only slightly in radius 
until about T=51 (102 Myr) after the collision. Had the disk been forced to remain 
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Figure 4.1.1: The disk viewed edge-on and averaged over angular po-
sition at T=21 ( 42 Myr) after the collision. The center of the disk is 
at the far left. The layered appearance reflects the initial SPH parti-
cle distribution, and does not indicate the presence of abrupt density 
variations. In this view the structure of the shock region can be seen; 
infalling outer parts of the disk are displaced in the z direction from the 
expanding ring. 
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planar, the collision dominated gas and collisionless stars would have decoupled to a 
much greater extent earlier in the ring evolution. Instead, the gas and stars generally 
flow together until about T=51. 
The interaction in our experiment significantly dislodges the nucleus from plane of 
the ring. This permits the nucleus to easily appear displaced from the center of the 
ring, as is often observed ( cf. Theys & Spiegel1976; Few & Madore 1986). In Fig. 4.1.4 
a view of the disk is presented at T=71 with the line of sight inclined 40° from the 
normal to the disk plane. The nucleus can appear quite offset from the center even for 
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this completely axisymmetric collision. Both SPH particles and n-body particles are 
shown in the figure. The ring contains mostly SPH particles and the nucleus consists 
mainly of n-body particles. Much of the disk material, especially in the nucleus, has 
been spread out in the direction perpendicular to the original disk plane. However, the 
intruder does not capture any of the disk stars or gas. 
The interaction is followed until T=71 (142 Myr) when the ring expands to fill the 
computational domain. When the ring reaches the edge of the original disk, no new 
material is available to maintain the shock interface and ring undergoes what appears 
to be an unhindered expansion. By this time the intruder and the disk galaxy's halo 
are quite disrupted. Energy has been pumped into the internal dynamics of these 
components and they are very diffuse by the end of the experiment. The disruption of 
the halo reduces the gravitational potential and the disk expands well beyond its initial 
limit. 
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Time=-11 
. ·· .. 
Time=31 
Figure 4.1.2: A time sequence of plots showing an edge on view of a 
subset of the n-body disk and intruder particles is shown on this page 
and the next. Neither the SPH particles nor the disk's spherical halo 
of "dark matter" are depicted. Time is given in simulation units with 
zero indicating the time of close approach. One unit of simulation time 
is 2 Myr using the scaling given in the text. 
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Figure 4.1.3: (a) Face on views of a subset of then-body stellar disk 
particles (top left) and SPH particles (top right). The plot at bottom 
shows the three-dimensional gas space density at the position of the SPH 
particles. The x-axis is horizontal in the upper plots and the particle's 
z position is suppressed. Notice that the particle density in the upper 
SPH plot does not necessarily indicate the gas density because the SPH 
particles do not all have the same mass. Rotation is counterclockwise. 
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Fig. 4.1.3: (c) 
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Fig. 4.1.3: (d) 
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Fig. 4.1.3: (e) 
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Fig. 4.1.3: (f) 
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Figure 4.1.4: A sample of disk particles shown from a viewing angle 
of 40° from the normal to the ring plane. The nucleus of the galaxy is 
displaced out of the plane of the ring, leading to the appearance of a 
ring with off-center nucleus. Both n-body and SPH particles are shown. 
The ring is made up largely of SPH particles while the nucleus is mainly 
n-body particles. 
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4.1.1.2. Quantitative results 
Densities and velocities are obtained from the numerical calculations at each time 
step. For the discussion that follows, azimuthal symmetry will be assumed and the 
angular position of the particles will be ignored until Section 4.1.1.3. 
Surface densities 
The surface density at different times is plotted in Fig. 4.1.5. Each time corresponds 
to one of the configurations shown in Fig. 4.1.2 and Fig. 4.1.3. At T=3 after close 
passage of the intruder the stellar surface density in the inner kiloparsec of the disk has 
more than doubled. As the ring forms and moves outward, the magnitude of the surface 
density decreases and the ring broadens. By T=41, or 82 Myr after the collision, the 
ring has become many kiloparsecs wide and diffuse. At the end of the experiment at 
T=71 it is difficult to detect a ring in the stellar population. 
Compared to the stellar ring, the gas ring is more sharply peaked and has a greater 
surface density relative to its unperturbed state. The surface density in the center of the 
disk increases by a factor of 3-4 before the ring forms, just after impact. Subsequently 
the gaseous ring evolution nearly follows that of the stellar ring during the first half 
of the experiment, broadening and dissipating with time. From Fig. 4.1.5 the ring can 
be seen to be moving outward at approximately 150-180km s-1. After T=51 the gas 
maintains a ring structure which is better defined that that of the stars. 
The surface density in the expanding ring is greater than it was in the unperturbed 
disk; by a factor of about 3-4 for the stars and 4-8 for the gas until the ring expands 
beyond the cutoff radius of the initial disk. Once the ring has formed the surface 
density is depressed below its initial value everywhere in the disk except near the ring. 
In Fig. 4.1.6 we see the result of dividing the disk into radial bins and plotting the 
mass fraction of each component (stars or gas) in each bin. The area under the curve 
within the ring yields the total mass in the ring. These plots illustrate well the relative 
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Figure 4.1.5: Surface Densities of the stellar and gaseous disk. The 
vertical axis can be considered to be in arbitrary units, although they 
can be scaled to physical units (see the Sec. 3.3). The horizontal axis 
spans 17.6 kpc. The straight dashed line indicates the initial ( exponen-
tial) surface density in the unperturbed disk. 
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sharpness of the gaseous ring. As it moves through the disk more than half of the total 
mass of each component is contained in the ring. 
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Figure 4.1.6: The fraction of the mass of each disk component in 
radial bins. Approximately half the mass of the disk is contained in the 
expanding ring through much of the ring's lifetime. Subsequent times 
are shown on the following pages. 
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Three-dimensional gas space density 
Due to motion in the z-direction during the interaction, the three-dimensional space 
density is not necessarily proportional to the surface density in a simple manner. For 
example a compression in the direction perpendicular to the disk does not show up as 
a surface density increase. 
The SPH algorithm estimates the gas density at the position of the particles at 
each time step. These values of density are plotted at the bottom of Fig. 4.1.3. At 
T=3 the disk still exhibits the initial exponential surface density profile, except that 
the peak in the center has been enhanced by the near proximity of the intruder. At 
T=ll a dense ring has formed and a relative depression in the nucleus is apparent. At 
T=21 the sharp density gradient between the ring and the outlying disk is readily seen. 
The density in the ring has decreased relative to earlier times, but from that point the 
ring maintains its density until T=31 ( 62 Myr) when it reaches the outer edge of the 
disk. At later times the density in the ring falls off and after T=51 the density in the 
nucleus becomes greater than that in the ring. Compare this result with the surface 
density (Fig. 4.1.5). The gas surface density in the nucleus is greater than that in the 
ring after T=31. The discrepancy occurs because gas is spread vertically in the center 
of the disk to a greater extent than it is in the ring. 
The actual values of density are strongly dependent on the choice of the initial 
density profile, but the relative density compared to the initial state can be determined 
for the SPH particles. This density ratio should depend less on the choice of initial 
model. Immediately after penetration of the intruder the relative density peak in the 
nucleus is approximately a factor of 5 over that in the original disk. As the ring forms 
and moves outward, the relative density increases are more dramatic. At T=21 after 
passage of the intruder, when the surface density in the ring is about 7-8 times that in 
the original disk, the space density at the location of the majority of particles in the 
ring cluster at densities a factor of 10-20 greater than their initial values. These high 
values continue through T=41 before slowly decreasing until the end of the run. 
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Velocities 
Radial velocities at the location of a subset of the stellar disk particles are plotted 
in Fig. 4.1.7. SPH particles are shown in Fig. 4.1.8. These plots demonstrate how the 
infalling gas meets expanding gas at the location of the ring, where inward motion is 
halted and converted into outward flow. A signature of ring formation by the mech-
anism discussed here is a radial velocity profile that rises from near zero behind the 
ring, peaks in the ring and falls to negative values outside the ring. The passage of the 
intruder produces a peak inflow velocity of about 0.1 simulation units, or 160 km s-1 as 
seen at T=11. The velocity difference between the inward and outward moving streams 
at this time is about 0.2 or 320 km s-1. Near the ring the radial velocity for the gas 
at a given radius can appear to be multi valued (as shown at T=31 for example) since 
the inner parts of the disk expand displaced in the z direction from the infalling outer 
regions. At the later stages of the ring expansion the radial velocity shows an almost 
linear increase with radius. By the end of our experiment the radial velocity of the gas 
lags that of the disk stars by approximately 50 km s-1. 
The relative velocity between the infalling and outgoing material is on the order of 
Mach 10, given the parameters we used to create the steady-state disk. Owing to the 
complex morphology in the region it is difficult to assign a unique shock strength in 
the ring. 
Azimuthal velocities at the location of SPH particles are plotted in Fig. 4.1.9. 
Passage of the intruder gives the particles an inward pull and angular momentum con-
servation demands that azimuthal velocities increase accordingly. (Angular momentum 
transfer due to artificial shear viscosity is relatively small, especially until strong shocks 
form.) The initial peak in the velocity curve of a scaled 250 km s-1 increases to about 
450 km s-1 at T=11. That value declines during the expansion, and the velocity curve 
behind the ring is flat over much of the disk at T=71 at a velocity of approximately 
130 km s-1. Notice that rotation velocities peak in the ring itself, i.e., ring velocities 
are greater than velocities on either side of the it. 
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4.1.1.3. Non-axisymmetric structure 
Inspection of the density plots at the bottom of Fig. 4.1.3 reveals non-axisymmetric 
structure in the ring. From T=21 to the end of the run, over dense local regions are 
evident and appear to reach a maximum relative amplitude at about T=31. It is 
suggested here that this structure is a manifestation of the Rayleigh-Taylor instability 
and with possible contributions from the Kelvin-Helmholtz instability ( cf. Landau & 
Lifshitz 1987). The dense radial shocked region which travels outward is decelerated as 
it sweeps up material from the outlying regions of the disk. As it does so, the effective 
gravity in the frame of ring is radially outward, toward the less dense material. These 
are conditions under which the Rayleigh-Taylor instability occurs. This certainly is not 
a Jeans instability in the gas since the Jeans length is about 8 kpc for the gas in the 
ring and the stars do not participate in this instability as is more dramatically shown in 
Section 4.2. The shock also travels outward in the presence of strong shear tangential 
to the front, which can lead to the Kelvin-Helmholtz instability. In both instabilities 
all wavelengths are unstable and the shortest ones grow fastest, so structure would be 
expected on the smallest possible scale. In Fig. 4.1.3 the distance from one feature 
to the next is first apparent on approximately two SPH smoothing lengths, which is 
the minimum possible, especially since the SPH program uses spatial filtering to damp 
irregularities on length scales beneath the smoothing length (Balsara 1990). 
4.1.2. Discussion 
Many of the strong three-dimensional effects seen in the model occur because two 
equal-mass galaxies are used. Results from other investigations which used less massive 
companions do not show as much lateral separation between outgoing and infalling 
material. A test was performed in this investigation with an intruder one-fourth as 
massive as the disk galaxy which showed that the z behavior of the ring was much 
more oscillatory, as is also seen in the Cartwheel simulations of Hernquist & Weil 
(1993). 
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In Huang & Stewart's (1988, hereafter HS) purely n-body models a non-deformable 
intruder of mass 0.4 that of the disk galaxy was used. As expected, the magnitude of 
the surface density enhancement found by HS was less than in the model presented 
here, generally by what appears to be a factor of 2. The radial velocities in both 
investigations show the same characteristic approximate linear increase with radius 
at later times of the expansion. The 3-D disk structure is somewhat suppressed in 
HS's experiments; it appears an intruder of nearly equal mass is needed to produce 
significant lateral separation of infalling and outgoing material. Otherwise the stellar 
component of the present model is very similar to that in HS. 
An interesting result of the equal mass collision is that no obvious inner ring struc-
ture is evident for as long as the interaction is followed, by which time the ring has 
become quite diffuse. However, in a test with a less massive intruder, an inner ring 
developed over the same time scale. That inner ring was primarily a stellar feature, 
which also appears to be the case for the inner ring in the Cartwheel galaxy (Marcum, 
Appleton & Higdon 1992). Inner rings are predicted by analytic studies of small ampli-
tude disturbances (Appleton & Struck-Marcell1987, Struck-Marcell & Appleton 1987), 
and are present in the simulations of HS and Toomre (1978). The Cartwheel models of 
Stuck-Marcell & Higdon (1993) and Hernquist & Weil (1993) also develop a prominent 
inner ring while the outer ring is still present, but those inner rings are most obvious in 
the gas. It is speculated here that a collision with a disk galaxy to intruder mass ratio 
of 2:1 or greater is needed to produce an inner ring during the lifetime of the outer 
ring. More experiments are needed to confirm this, although this view is supported by 
the estimate that the Cartwheel's companion has a mass of only 5-10 percent that of 
the disk (Davies & Morton 1982). 
Hernquist & Weil believe that a relatively strong encounter is needed to produce 
enough dissipation to produce spokes, but no obvious spoke-like features are evident 
in the model discussed here. It is likely that the model of Hernquist & Weil developed 
spokes because, compared to the present model, (1) their gas was cooler and (2) their 
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initial disk model already had developed a large non-axisymmetric structure prior to 
the collision. 
The cloud-fluid ring models of Appleton & Struck-Marcell (1987a, hereafter ASM) 
parameterize star formation using interacting clouds within the disk. While ASM con-
sider only weak collisions, there are some qualitative differences between the present 
model and theirs. One significant point of departure is that the ASM model predicts 
that the gas ring sharpens as it expands, while the this model ring (and the one in HS) 
broadens with time (albeit not to the extent that the stellar ring does). ASM predict 
that a large infall velocity should occur immediately behind the ring, something not 
seen here. This large negative radial velocity is present in the ASM model because their 
colliding clouds effectively transport angular momentum outward. The present contin-
uum model does not have this effect to such a large extent (although artificial viscosity 
does contribute to some angular momentum transport in regions of high shear). 
Direct comparisons to observations are somewhat difficult since observations do 
not tend to be sensitive to the background old stellar population, which is probably 
the most important dynamical component of the ring. If, for the moment, we ignore 
any star formation induced by the interaction and assume that the observed surface 
brightness scales directly proportionally to the stellar surface density, the ring surface 
brightness dominates that in the nuclear regions for about 62 Myr after passage of 
the intruder. Afterwards the ring surface brightness drops below that of the nucleus, 
although it remains above that of the initial state. The ring contains half or more of 
the disk mass so it would therefore be expected to contribute at least half the total 
system luminosity, assuming a constant mass to light ratio. The brightness interior to 
the ring is always greater than that exterior to it, generally by a factor of roughly three 
or more. The surface brightness in the ring itself is approximately 4 times brighter 
than the interior regions. 
The R-band (red) surface brightness of the broad ring in VII Zw 466 is a factor of 
about 15 greater than that inside the ring (Thompson & Theys 1978). Just outside the 
ring the brightness falls by a factor of 100. These measurements are qualitatively in 
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agreement with the present model, but the observed magnitude differences are much 
greater than we would predict if the R band probed only the background disk mass. 
Unfortunately, although it is suppressed, recent star formation does show up in the 
R band and the observed magnitudes are consistent with significant amounts of star 
formation having been triggered by the interaction, and that the resulting stellar pop-
ulation has had time to age about 107 years. 
Induced star formation significantly alters the surface brightness. The details of the 
small-scale sequence of events that lead to the observed bursts of star formation in the 
rings are unknown. However, it is observed that enhanced star formation is associated 
with the arms of spiral galaxies ( e.g., Roberts 1969) and these arms are locations of 
elevated gas density and shock fronts. By analogy, it can be argued that regions of 
high gas density and shocks are likely sites for star formation, at least for the bright 
OB associations and H II regions which highlight spiral structure (Mouschovias et al. 
1974) and observed rings. 
Relatively little is known quantitatively about how star formation rates scale with 
either gas density increases or shock strengths under the conditions we are considering. 
One prescription is that given by Schmidt (1959) in which the star formation rate scales 
with the local gas density to a power, n. Kennicutt (1989) argues for n=l.3 with a 
lower cutoff. 
The Schmidt Law can be used to estimate star formation rate increases from the 
model data. If it is assumed that the pre-collision disk was producing stars at some 
background rate, then the relative increase in gas density can be used to derive an 
enhanced rate relative to the background one. Since the peak relative density increase 
in the ring is on the order of 20, use of the Schmidt Law with n=1.3 allows a prediction 
of a star formation rate increase of a factor of approximately 50. However, in order 
to compare a predicted star formation rate increase with observations it would be 
necessary to integrate the star formation rate over timescales relevant to the wavelength 
regimes in which observations are obtained. For example, observations with IRAS 
sample both the massive star contribution (as reprocessed through dusty regions in the 
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vicinity of the stars) and the older underlying stellar population which contributes to 
the overall radiation field and illuminates large scale "cirrus" clouds. The estimated 
increases in star formation rate of 50 may not translate into such large changes in the 
far-infrared flux as observed by IRAS. There may also be a dilution effect in that IRAS 
resolution permits only global measurements and LpJR could increase greatly in regions 
of active star formation. The factor of 2 in the ratio of L F 1 R/ L B obtained by Appleton 
& Struck-Marcell (1987) in their IRAS study of ring galaxies is consistent with that 
found in other colliding galaxies (Bushouse et al. 1988). 
Shocks are also expected to be important for regulating star formation by inducing 
pre-existing marginally stable clouds to start their collapse and helping lead to the 
formation of clouds complexes (Mouschovias, Shu & Woodward 1974, see also Jog & 
Solomon 1992 ). 
The present model shows that the shock forms on what would appear from above to 
be the inner side or middle of the ring (Fig. 4.1.1 ). Any induced star formation should 
only trace the expanding part of the ring as the infalling portion of the original disk 
has not traveled through the shock front and would therefore not be expected to have a 
large population of high-mass stars. If it were possible to observationally determine the 
locations of the shock front, the youngest stars and the older stellar disk, the present 
model predicts that for a collision between equal mass galaxies, the shock front would 
appear to be on the inner or middle part of the ring with the recently formed stars 
farther outward in radius, both embedded in a more diffuse older stellar ring. In the 
Cartwheel, the outer portion of the outer ring is observed to be bluer than the inner 
part (Marcum et al. 1992), but the Cartwheel's companion is thought to have a 
low mass, which would suppress the three-dimensional effects discussed here. The HI 
velocity data presented in Struck-Marcell & Higdon (1993) appears to confirm the basic 
ring formation picture. The deprojected radial velocity is zero behind the ring, peaks 
at about 20 km s-1 in the ring and drops abruptly to negative values outside the ring. 
The discrepancy between the expansion velocity of newly formed stars (89 km s-1) as 
measured by Fosbury & Hawarden (1977) and the HI data (20km s-1) hints at some 
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decoupling between the HI and stars, but Struck-Marcell & Higdon note how uncertain 
the measurements can be. 
The spatial separation between the components depends critically on the time scale 
for star formation following passage of the shock and the amount of time material 
spends in the ring is important for putting constraints on star formation timescales. 
At an expansion velocity of approximately 150 km s-1, the ring travels about 4.5 kpc 
in 30 x 106 years, which is approximately the star formation time scale inferred by 
Roberts (1969). The 4.5 kpc is approximately the width of the model ring when it has 
expanded to 13kpc from the nucleus (for comparison, the ring in VII Zw 466 has radius 
of about 11 kpc and a width of about 4.5kpc (Thompson & Theys 1978)). Using the 
30 x 106 years value, there should be time for star formation to occur while the gas 
that has passed through the shock still resides in the dense ring. 
Fig. 4.1.8 and Fig. 4.1.9 show the confused velocity structure in the ring. Detailed 
HI observations should probe the gas structure better than emission from H II regions, 
at least in the portion of the disk that has not yet had star formation. Presumably the 
HI density would be reduced near the star forming regions since some would be bound 
into stars and molecular clouds or ionized by 0 and B stars. Higdon (1990) has reported 
an anti-correlation between the HI continuum and Ha emission in the Cartwheel ring 
galaxy, suggesting that HI is being depleted by processes in the actively star-forming 
ring. The model shows that both rotational and radial velocities do not necessarily 
have a unique value at a given radius in the ring. In particular, radial velocities can be 
both positive and negative at the same radius due to the lateral separation of gas flows. 
If the HI gas is being converted to stars and the dynamics follows that found in this 
model, it would be predicted that HI could be observed with negative radial velocities 
while Ha or other emission lines from H II regions have positive radial velocities at the 
same position in the ring. More likely, not all HI would be depleted in the actively 
star forming regions and the signature of the effect discussed here would be a broader 
spectral line since more velocity components would be present. 
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Although the Rayleigh-Taylor and Kelvin-Helmholtz instabilities mentioned in Sec. 
4.1.1.3 may not initiate star formation directly, the question remains as to whether 
they might help explain the clumpy structure observed in ring galaxies. Just as in 
the Mouschovias et al. (1974) mechanism, the (here nonmagnetic) Rayleigh-Taylor 
instability could help to gather clouds embedded in the diffuse medium, producing a 
spacing between star forming complexes. It is believed that the material in the rings of 
these systems is susceptible to the gravitational "bead instability" ( cf. Theys & Spiegel 
1977), but the combination of gas temperature and gas density in present the model 
never produces a gravitational instability that grows significantly on timescales relevant 
to this study. Nevertheless, the Rayleigh-Taylor instability could provide structure in 
the ring that persists in the star forming regions. 
4.1.3. Summary 
It has been shown that the collision of a spherical galaxy with a disk galaxy of equal 
mass, where the spherical intruder hits the center of disk at normal incidence, leads 
to the formation of a large-amplitude expanding ring. The interaction is so strong 
that the disk is warped considerably out of the plane of the original disk and the 
nucleus is dislodged perpendicularly to that plane to a great enough extent that it can 
appear off center from a relatively modest viewing angle. As the ring expands it does 
so displaced laterally from the contracting part of the disk. The result is a complex 
three-dimensional ring morphology. Owing to this structure, the three-dimensional 
gas density at some locations in the ring can be significantly greater (or less in some 
instances) than surface density measurements would otherwise imply. Another result is 
that the shock that forms during the expansion does not occur on what would appear 
to be the outer part of the ring when the disk is viewed face on. 
A significant portion (more than half) of the mass of the original disk galaxy is 
found to be contained in the ring much of the time. The surface density of both gas 
and stars on either side of the ring is depressed below its original value. The expansion 
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velocity of the ring is on the order of 180 km s-1 and the rotation speed can reach 
values of 450 km s-1 in the ring. When the ring reaches the outer parts of the disk, the 
interior rotation curve interior is relatively flat, but peaks at the location of the ring. 
Non-axisymmetric structure appears in the ring. This is believed to be due to the 
Rayleigh-Taylor instability, which could gather star-forming clouds and contribute to 
the knotty structure seen in ring galaxies. 
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4.2. Off Center Collisions 
The basic mechanism of ring production was discussed in the previous section, how-
ever such an azimuthally symmetric interaction would be expected to be rare in nature. 
Here the effects of introducing a non-zero impact parameter are considered. The in-
truder still passes through the disk at near normal incidence, but at varying distances 
from its center. As was shown analytically in Chapter 2 quite different morphologies 
can be produced and strong gas interactions in the regions of intersecting orbits can 
be expected. Then-body studies of Toomre (1978) and Huang & Stewart (1988) give 
some indication of the expected morphologies, although neither used an intruder of 
equal mass. Of interest will be the response of the gas: where does it get compressed 
and by how much? How does that compare to the symmetric case? 
The series of experiments discussed here differ from the head on collision only by 
the variation of the impact parameter. Four different collisions are presented: RINGl, 
in which the centers of the two galaxies pass within 0.7 (2.2kpc); RING2, with a 1.4 
(4.4kpc) minimum distance; RING3, with a 3.2 (lOkpc) separation at close approach; 
and RING4, in which the center of the intruder passes at 7.4 (24kpc) from the disk 
center. The central collision discussed previously will be referred to as RINGO. 
The results are primarily presented in this section in two ways: (1) views with 
the disk face on and edge on and (2) plots of the SPH density at the positions of the 
particles (as in Fig. 4.1.3). For example see Fig. 4.2.2. The bottom half of the figure 
shows the gas density at the location of a subset of the SPH particles. The x-axis 
corresponds to the horizontal direction in the panels at the top of the figure. The 
center of mass of the intruder passes through the disk along a horizontal axis extending 
to the right from the disk nucleus (the x-direction). The densities are also shown 
projected onto the x-density and y-density planes. The z coordinate is suppressed in 
these plots, but the density shown is not equivalent a surface density. The values shown 
are three-dimensional gas densities, not values integrated through the disk. 
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4.2.1. Morphology 
Particle plots are shown for the four experiments in Fig. 4.2.1 through Fig. 4.2.8. 
RING! 
In Fig. 4.2.1 the experiment RING1 appears similar to the axisymmetric collision 
except that the nucleus is displaced from the center of the disk when viewed from 
above or below. The disk center in this and all the off center collisions always appears 
"pulled" toward the side of the disk through which the intruder passed. The intruder's 
orbit has carried it to the opposite side of the disk so that it appears on the side of the 
ring opposite the nucleus when the ring is viewed face on. 
Just as in the axisymmetric case a strong density peak occurs in the central regions 
when the intruder passes through the disk (Fig. 4.2.1 b), although in this case the dense 
region is slightly offset from the center of the disk. By T=16 (Fig. 4.2.1c) a strong 
circular ring has formed centered near the intruder impact point. The stellar ring (top 
left) is asymmetric with the densest part of the ring lying close to what appears to be 
the nucleus of the disk. The SPH particle plot at the top right of Fig. 4.2.1c shows how 
these plots can be misleading as the ring appears homogeneous. In the graph at the 
bottom of the figure it is seen that the density around the circumference of the ring 
varies considerably. The densest part is in the upper right portion of the ring. 
The ring expands with time and some of the density variation around the ring 
lessens, although at T=36 two gas densities peaks can be seen diametrically opposed, 
90° from a line between the nucleus and the impact point. The later ring evolution 
is similar to the head on collision, except ( 1) two "hot spots" of enhanced density are 
present, (2) the width of the gas ring varies around the ring and (3) the center of the 
disk is offset from the center of the ring (Fig. 4.2.2f). 
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RING2 
In edge on view (Fig. 4.2.3) experiment RING2 looks like a more extreme instance 
of RINGl. The larger impact parameter creates a ring displaced even more toward 
the intruder impact point. In Fig. 4.2.4b it is shown that an arc first forms, which 
later develops into a circular ring at T=21. The ring still appears very circular even 
though the ring center is displaced considerably from the center of the rest of the disk 
material. The density in both the stellar and gaseous rings is definitely not constant 
around the ring. The stellar ring is densest along an arc near the disk nucleus; the 
gas ring is again most compressed in its upper right portion. At T=41 the ring has 
enlarged and two density peaks are evident in the gas on opposite sides of the ring as 
in RING 1. These "hot spots" of elevated gas density persist in the same regions at 
T=5l and until the end of the run. The density enhancement in these "hot spots" is 
much more pronounced than in RING 1. 
The stellar disk retains an overall circular shape, but not so the gas disk. At T=6l, 
and even more so at later times, the gas assumes a "lima bean" shape. Here we see the 
result of the strong orbit crossings discussed in Chapter 2. The strongly intersecting 
orbits occur in the upper right portion of the disk after the collision. As material is 
swept up by the expanding portions of the disk, the outwardly directed momentum of 
the gas is partly canceled by collision with the infalling material. Because of this the 
gas in these regions is unable to keep with the expansion of the stellar disk. 
RING3 
In experiment RING3 most of the disturbance occurs on the side of the disk near 
the intruder. This causes a significant spreading of outer disk material in the direction 
perpendicular to the original disk plane. The part of the disk in the upper right hand 
panel of Fig. 4.2.6 lies below the rest of the disk in the later panels of Fig. 4.2.5. The 
nucleus is very offset, appearing almost at the edge of the disk in Fig. 4.2.5. The peak 
gas density occurs away from the disk nucleus, as seen in Fig. 4.2.6b. At T=21 and 
T=31 a barely complete, elongated ring has formed. The disk nucleus is buried in the 
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very dense part of the stellar ring. The gas density peak in at the upper right is very 
pronounced and at T=41 this first "hot spot" is very a sharp gas density spike at the 
location of a kink in the arc structure. By T=51 the second "hot spot" of high density 
has formed nearly opposite the first one. The by now incomplete ring continues to 
expand at later times and the gas density maintains the two-peaked structure until the 
end of the experiment. 
RING4 
This experiment, as shown in Fig. 4.2. 7 and Fig. 4.2.8 never makes anything that 
looks like a ring. Instead, a large scale but, relative to previous experiments, low-
density transient two-armed spiral pattern is created. The nucleus becomes elongated 
and a density enhancement forms in the gas along the very sharply defined leading edge 
of one of the "arms" at T=63 (Fig. 4.2.8g). At T=71 high density arcs on either side 
of the nucleus are apparent. 
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nme=26 lime=36 
Figure 4.2.1: Particle plots of the stellar disk and the intruder for 
the experiment RING I projected onto the plane of the center of mass 
orbit of the two galaxies. The disk is shown edge-on. The zero of time 
corresponds to the close passage of the two systems' centers of mass. 
One time unit scales to 2 Myr using the scaling given in the text. 
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Figure 4.2.1: (continued) 
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Figure 4.2.2: (a) In the upper half of the figure disk particle positions 
are shown projected onto the plane of the original disk. A subset of 
n-body star particles is on the left, SPH particles are plotted on the 
right. The lower half of the figure gives the three-dimensional space gas 
density at the l9~tion of the SPH particles. The x-axis corresponds to 
the horizontal axis in the plots at the top of the page and the z-axis 
is suppressed. The intruder center passes through the disk at a point 
along a horizontal line extending to the right from the disk nucleus. 
Rotation of the disk is counterclockwise. 
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Figure 4.2.2: {b) 
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Figure 4.2.2: (c) 
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Figure 4.2.2: (d) 
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Figure 4.2.2: (e) 
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Figure 4.2.2: (f) 
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Figure 4.2.2: (i) 
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Figure 4.2.3: Stellar disk and intruder plots similar to Fig. 4.2.1 for 
the experiment RING2. 
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Figure 4.2.3: (continued) 
Results of Numerical Calculations 
N-Body Disk SPH Disk 
Time=3 Time=3 
·":! 
Time=3 
Density 
100 
-10 10 
Figure 4.2.4: (a) Plots of disk star particles (top left), SPH particles 
(top right) and SPH gas density (bottom) for the experiment RING2, 
similar to Fig. 4.2.2. 
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Figure 4.2.4: (b) 
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Figure 4.2.4: (c) 
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Figure 4.2.4: (e) 
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Figure 4.2.4: (f) 
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Figure 4.2.5: Stellar disk and intruder plots similar to Fig. 4.2.1 for 
the experiment RING3. 
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Figure 4.2.5: (continued) 
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Figure 4.2.6: (a) Plots of disk star particles (top left), SPH particles 
(top right) and SPH gas density (bottom) for the experiment RING3, 
similar to Fig. 4.2.2. 
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Figure 4.2.6: (b) 
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Figure 4.2.6: (c) 
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Figure 4.2.6: (d) 
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Figure 4.2.6: (f) 
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Figure 4.2.6: (g) 
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Figure 4.2.6: (h) 
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Figure 4.2.6: (i) 
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Figure 4.2.7: Stellar disk and intruder plots similar to Fig. 4.2.1 for 
the experiment RING4. 
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Figure 4.2.7 (continued) 
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Figure 4.2.8: (a) Plots of disk star particles (top left), SPH particles 
(top right) and SPH gas density (bottom) for the experiment RING4, 
similar to Fig. 4.2.2. 
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Figure 4.2.8: (c) 
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Figure 4.2.8: (e) 
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4.2.2. Density 
The morphologies presented in the previous section show how the disk is affected 
as the impact parameter is varied. Fig. 4.2.9 shows the maximum value of gas density 
as a function of time for each experiment. This plot itself gives no spatial information, 
but when used together with Figs. 4.1.3 4.2.2, 4.2.4, 4.2.6, and 4.2.8 it is possible to 
determine how the different experiments compare in the location and magnitude of 
gas density enhancements. From Fig. 4.2.9 it is seen that the greatest densities are 
attained for the central collisions. The high density occurs when gas flows into the 
central region, where the gas was already the most dense in the unperturbed disk. 
The peak density is reached at later times for the large impact parameter experiments, 
because the deformed orbits interact strongly only after the disk's rotation has had 
time to bring them together. For the large impact parameter experiments the density 
in the nucleus remains high relative to that in the central collisions since material is 
less affected by spreading normal to the disk. 
In the experiments RINGO and RINGl (Figs. 4.1.3 and 4.2.2) the density rises in 
the center quickly after passage of the intruder. As the ring forms and expands the 
density in the center becomes depressed at approximately half its original value. The 
effect of the intersecting orbits can be seen in the slightly off center collision RINGl, 
which is more dense than the ring in the on-center experiment (Fig. 4.2.9). 
The maximum density for RING2 occurs as the ring is first starting to develop at 
T=ll (Fig. 4.2.4). The ring at T=21 has a greater peak gas density than the ones of 
RINGO and RINGl at the corresponding time. The two opposed "hot spots" at T=41 
are more dense than any features in the more central collisions at the corresponding 
time. At the end of the experiment the gas density in the nucleus is about the same as 
its initial value. 
Gas does not get directed toward the center of the disk in experiment RING3 
(Fig. 4.2.6). The incomplete ring contains the most dense features in the disk. At 
T=31 and T=41 the density in the kink in the gas arc is approximately twice as great 
as in rings of other experiment at comparable times after close passage of the intruder. 
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Figure 4.2.9: The maximum gas density as a function of time for the 
four experiments of this section, as well as the central collision, denoted 
RINGO. 
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The very off center nucleus emerges relative to the ring at the end of the experiment 
and attains density values similar to those it had prior to the interaction. 
The distant encounter RING4 produces only mild density enhancements (Fig. 4.2.8). 
Tidal stretching is more prominent than compression in this experiment. The nucleus 
always contains the highest density gas, although the arcs which develop on either 
side of the nucleus at the end of the experiment have densities which rival the central 
density. 
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4.2.3. Discussion 
The largest disturbances and greatest gas density increases in the non-nuclear por-
tions of the disk are created when the center of the intruder penetrates the disk away 
from its center, about half way to the disk edge. Central collisions produce radial con-
tractions and expansions, but when the collision takes place off center some of the large 
rotational energy of the disk can be tapped to provide compression of the gas. This 
effect is the strongest in the region near the impact point. There the strongest per-
turbations occur which change the structure of the orbits in the disk. As the intruder 
leaves and disk material re-expands, rings of material which were previously on the 
same circular orbits become elongated and intersect with other rings with the result 
that gas in these regions is strongly compressed. Rotation carries the dense gas to the 
upper right in the face on view of disk particle positions. Approximately 180° around 
the ring, a secondary "hot spot" of enhanced gas density is seen at the bottom of the 
rmgs. 
That the strongest interactions occur in the upper right portion of the plots is 
evident in another manner. At T=5l in experiment RING2 (Fig. 4.2.2) the expansion 
of the gaseous ring lags that of the stellar ring. This effect is the strongest at the top of 
the ring, which is in the direction of rotation away from the impact point in the plot of 
SPH particle positions. At T=7l the deformation of the gas ring is very pronounced. 
The same effect can be seen in experiment RING3 ( cf. T=8l of Fig. 4.2.6). The over 
dense features attributed to the Rayleigh-Taylor instability in the axisymmetric case 
are very prominent in the regions where the deceleration of the expanding ring is the 
greatest. 
What implications may these results have for star formation? If unusual star forma-
tion occurs in regions of high gas compression, then there should be a correspondence 
between the overall ring morphology and the strength and locations of star formation 
regions. Specifically, we would expect to find star formation taking place near the two 
"hot spots" of high gas density, with the most vigorous activity occurring in the direc-
tion of disk rotation as measured from the side of the ring nearest the nucleus. Further, 
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regions near any kinks evident in the ring would be expected to have had undergone 
the strongest gas interactions. Assuming that star formation takes place preferentially 
where SPH particles pile up, the SPH particle morphology should show a similarity 
to the distribution of observed OB stars and HII regions. This configuration could be 
significantly different from the stellar morphology, especially where significant shocks 
have occurred. Many kinks and other deformities in the shape are therefore a result of 
the gas dynamics. 
The ring galaxy in Vela (denoted as both 1008-3814 and AM 1006-380 in the lit-
erature) appears to be a prime candidate for study. Deep optical photographs by 
Dennefeld, Lausten & Materne (1978) shows that the Vela object has an outer ring 
morphology similar to that in the RING3 experiment at T=51. A comparison of the 
observed ring and the numerical model is shown in Fig. 4.2.10. Not only is the mor-
phology similar, but the strongest H II regions appear along the edge of the arc near 
the kink in the Vela ring. Taylor & Atherton (1984) showed that it is impossible to fit 
radial velocities measured around the ring to a simple rotating, expanding, circular ring 
model. RING3 would also not fit such a model. Previous authors have described the 
Vela object as a folded ring. In the models presented here a structure similar to that 
seen in Vela is a natural outcome of the stellar and gas dynamics of the interaction. 
Huang & Stewart (1988) attempted to compare a highly inclined (70°) n-body simula-
tion with observations of the Vela ring. They noted the development of an asymmetric 
velocity profile similar to that observed, but the morphology produced by the stars in 
their run only vaguely resembles any feature in the Vela ring. 
The ring galaxy AM 0644-741 observed by Few, Madore & Arp (1982) is similar 
to the numerical experiment RING2 at T=61 (see Fig. 4.2.11). First, the nucleus is 
offset on the opposite side of the minor axis from the intruder as expected. Second, the 
H II regions are concentrated along the ring in two regions about 180° from each other. 
Third, Few et al. determined that rotation was counterclockwise in Fig. 4.2.11. This 
agrees with the models presented here which show that the strongest gas interactions 
occur in two areas. The first and strongest region is near the nucleus but shifted in the 
Results of Numerical Calculations 
Figure 4.2.10: SPH and intruder particles from experiment RING3 
(left) and and a 60-minute exposure of the ring galaxy in Vela from 
Dennefeld, Lausten & Materne (1978). 
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direction of rotation and the second is approximately diametrically opposed to the first. 
Appleton & James (1990) present a stellar model which resembles the AM 0644-741 
ring, but the gas morphology presented here seems a better fit, especially in the portion 
of the ring opposite the nucleus. 
The bright ring in II Hz 4 (Lynds & Toomre 1976) has a bright emission region 
along one side of the ring. A secondary brightness peak appears to be located 180° from 
the first, but it is difficult to tell if this is a true enhancement in the ring because part of 
the companion may be overlapping the line of sight. In their classic test particle model 
of II Hz 4, Lynds & Toomre had the sense of disk rotation such that the brightest arc 
is approaching the side of the ring near the nucleus. They did note, however, that the 
direction of rotation could not be determined from the observations and reversing the 
velocity would not affect their morphological fit. In the sense of rotation is changed, 
the observations are consistent with the present results and, in addition, the part of the 
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Figure 4.2.11: Intruder and disk gas and star particles from experi-
ment RING2 (left) and the ring galaxy AM 0644-741 (right) (Madore 
& Arp 1987). 
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ring that appears to deviate the most from a true ellipse is at the edge of the brightest 
arc. This apparent deviation could simply be caused by the presence of one particularly 
bright giant H II region, however. 
The morphology of the II Zw 466 system does not have an obvious analogue in 
one of the experiments presented here. The observed ring shape is well approximated 
by an intermediate case between RING1 and RING2, but it is impossible to match 
the intruder location relative to the offcenter nucleus with one of the four models. It 
is unusual to find the intruder three ring diameters away as seen in II Zw 466 and 
Thompson & Theys suggest that a third nearby galaxy, a massive elliptical, could 
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be strongly influencing the dynamics of the system, making simple two-body models 
invalid. 
Arp 118 is a very disturbed ring galaxy with a companion of brightness approxi-
mately equal to the nucleus of the ring. The ring itself appears as a very elongated 
ellipse with the nucleus lying along the major axis near one end of the ellipse. Along 
one side, a prominent "arm" extends from the nucleus interior to the outer elliptical 
part of the ring. An exceptionally large H II region, the brightest in the system, lies 
near the nucleus, where the ring takes a sharp turn inward on itself toward the nucleus. 
Most of the other H II regions in the ring are located backward from this region toward 
the nucleus-ring near point. 
Hippelein (1989) fit the system using a simple n-body model with a companion of 
one-third the mass of the host galaxy. A reasonable morphological reproduction was 
obtained, but Hippelein noted that a larger mass intruder was needed to account for 
the observed large velocities. The SPH morphology of RING2 at T=81 is almost as 
good a match to the morphology as attained by Hippelein. Further, the brightest H II 
region is located at the position of the bend in the model RING2, where the strongest 
gas interactions have taken place. (Fig. 4.2.12). 
Joy & Ghigo (1988) find that the bright knot near the nucleus contributes most of 
the thermal infrared emission from the system, but is a factor of five fainter than the 
nucleus at 2.2 microns, which probes an older underlying stellar distribution. These 
observations further support the idea that strong gas interactions- which lead to star 
formation- are responsible for the appearance of the knot. 
Hippelein's model puts the intruder in the correct place and RING2 does not; the 
intruder in RING2 is too close to the ring. It is suggested here that the Arp 118 system 
is in a later stage of of evolution than that modeled in RING2. If this is the case, the 
intruder would be located farther away and the giant H II region would have a chance 
to fall back toward the nucleus, giving an even better fit to the observed morphology. 
The morphological matches just discussed are highly suggestive that gas interac-
tions are important in determining both the overall ring shape and the location of 
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Figure 4.2.12: The Arp 118 ring. Observations from Hippelein (1989) 
show the active star formation regions in H a and ionized nitrogen emis-
sion (left). Hippelein's n-body model is shown at right and the ex-
periment RING2 at T=81 is depicted (SPH and intruder particles are 
shown). 
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enhanced star formation rates. No system was explicitly modeled, yet some genenc 
signatures of strong gas interactions, which are associated with active high mass star 
formation, were found in observed rings. Further detailed modeling of these systems 
is necessary to confirm these effects. The velocity structure needs to be mapped and 
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compared to a model of a specific system. This is a computationally expensive proce-
dure and needs to be guided by the analytical results of Chapter 2 and simple n-body 
models. 
In Section 4.3 a more detailed comparison is made between experiment RING3 and 
the location of active star forming regions in the Arp 147 ring system. 
4.2.4. Summary 
Directly head-on collisions produce very symmetrical rings of stars and gas. Non-
central collisions, which should be the rule in nature, produce asymmetrical rings and 
perturb the outer portions of the disk more than axisymmetric interactions. Some of 
the large rotational energy of the disk is used to produce strong compressions in the gas 
for the off-center collisions. The largest densities in the evolved ring or arc structure 
are found when the center of the intruder galaxy penetrates the disk about half way 
from the disk center to the disk edge. The development of two "hot spots" of high gas 
density is a generic feature of the off-center collisions. These regions are approximately 
diametrically opposed to one another, with the densest one nearer the nucleus and 
offset around the ring in the direction of rotation. 
If star formation bursts are associated with regions of high gas density and shocks 
then there should be a correlation between overall morphology and the location of 
active star forming regions. The ring morphology as traced by young massive stars 
should be highly influenced by collisional gas interactions in the interstellar medium. 
Kinks and other asymmetries mark regions where the strongest shocks have taken place 
and are identified as likely locations of enhanced star formation activity. Comparison 
with observations of a number of systems appear to support this hypothesis. We are 
now in a position to model specific observed systems that exhibit the gross features 
reported here. 
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4.3. Comparison of a Model with the Galaxy Arp 147 
One particular subclass of ring galaxies, denoted RE by Theys & Spiegel, has well 
developed rings or partial rings, but their interiors are empty, apparently lacking the 
expected remnant nucleus of the disk galaxy. Lynds & Toomre (1976) speculated that 
an off-center collision could displace the nucleus and make it appear buried in the ring. 
Observational support that a remnant nucleus could appear embedded in the ring was 
provided by photometry of the RE galaxy VII Zw 466 (Thompson & Theys 1978) 
and IUE spectra of theRE galaxy Arp 147 (Schultz et al. 1991). In both cases the 
suspected remnant nucleus, distinguished from other knots by its lack of recent star 
formation, has been found, apparently lying in the ring or very near one side of the 
ring in the case of VII Zw 466. 
Among the results of the series of off center collision presented in Section 4.2 was 
the displacement of the nucleus normal to the disk. This effect has also been seen in the 
experiments of Lynds & Toomre (1976) and Huang & Stewart (1988). The displacement 
allows for the possibility that the nucleus can appear superimposed on the ring or arc 
from certain viewing angles. In order to observe this effect, the disk plane must be 
tipped to the line of sight and it is expected that a viewing angle near 45° ± 10° would 
be optimal. A more face on view would reveal the nucleus to be distinct from the ring 
or arc and a more edge on view makes it hard to identify ring or arc structure in the 
galaxy. At late times in the ring evolution the ring becomes more diffuse as it expands. 
In this situation the nucleus is less likely to be confused as a knot embedded in the 
rmg. 
In this section results are presented of a simulation of an off-center collision between 
a disk galaxy and an elliptical to demonstrate that a ring, with the nucleus apparently 
buried within it, can be formed. A view of this simulation is provided at a time in the 
evolution, and from a vantage point in space, when the model closely resembles our 
view of the Arp 147 system, so that a comparison can be made between the model and 
observations of star formation in violently disturbed regions. 
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The computational method and initial galaxy models are the same as given in 
Chapter 3. The results are given in Section 4.3.2 and presented it in the context of 
observations of the Arp 147 system. Section 4.3.3 contains a discussion of these results. 
4.3.1. An Off-Center Collision Model 
The simulation chosen for comparison with observations of the Arp 147 system is 
one in which the center of mass of the elliptical intersects the plane about 2.5 scale 
lengths, i.e. about half of the truncated original disk radius, from the center of the disk 
galaxy. Of the simulations produced in Section 4.2, this particular model (RING3) gave 
the closest fit to the observed parameters of Arp 147. However it was not constructed 
to fit the observations explicitly. 
When comparing model results to observations it is convenient to assign physical 
values to the computational parameters as before. If both galaxies are assigned a mass 
of 1. 75 x 1011 M0 and one exponential disk scale length equals 4 kpc, then one time 
unit is 2 Myr. With these choices, the disk has a total mass of 5 x 1010 MG:h with a gas 
mass of 5 x 109 M0 , and the halo mass is 1.25 x 1011 M0 . The vertical scale height in 
the disk becomes 800 pc. The radial density distribution is truncated at 17.6 kpc. The 
disk rotation velocity, averaged over the entire disk is 211 km s-1. 
In the model reported here the two galaxies' centers of mass are initially placed 
30kpc apart and each is given a velocity of 227km s-1. The elliptical is aimed per-
pendicularly to the disk and eventually intersects the disk about 9 kpc from the disk's 
center. 
4.3.2. Results 
Here the results of the simulation of the off-center collision described in Section 4.2 
are summarized and compared to observations of the Arp 147 system. 
As the elliptical passes through the disk, the nucleus of the disk galaxy is pulled 
toward the impact point. Gas and stars flow toward that point, reaching a maximum 
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density there soon after the closest approach of the two systems' centers of mass. As the 
elliptical recedes, material from the inner part of the disk starts to expand and meets 
still infalling material from the outer part of the disk. This produces an expanding arc 
of high density on the side of the disk near the impact point. Gas is swept up in this 
expansion with the greatest initial volume density occurring approximately along the 
line connecting the disk nucleus and the impact point. However, the outward moving 
density enhancement first reaches the edge of the disk on the side where the impact 
occurred and thus in this region of the arc there is no longer infalling gas to sweep up, 
leading to a density decrease as the ring expands. Meanwhile rotation has carried the 
region of highest gas volume density in the arc to the upper left as seen in Fig. 4.3.1 (b) 
where strong gas interactions continue. A second area of high density occurs at the 
bottom of Fig. 4.3.1 (b) where the expanding arc meets still infalling gas. There is 
little evidence in the figures of the caustic edges described by Struck-Marcell & Lotan 
(1990). This is likely due to the finite initial velocity dispersion present in the disk 
stars. The transient behavior described here is a generic feature of the simulations of 
the off-center collision of an elliptical perpendicular to the disk plane. 
Fig. 4.3.1 shows a view of the simulation at a time 7 4 X 106 years after close approach 
from an angle of 51° to the perpendicular to the plane of the disk. The viewing angle of 
the model has been chosen to give a best match to the observed morphology of the Arp 
147 system. The stellar and gaseous surface density distributions in the disk obtained 
for this model are displayed in Fig. 4.3.1 (a) and Fig. 4.3.1 (b), respectively. These 
can be compared with a contour plot of optical emission from Arp 147 (taken from 
Schultz et al. 1990) shown in Fig. 4.3.2. From the chosen perspective it can be seen 
that the remnant nucleus of the model galaxy appears buried in the part of the ring 
that lies closest to the elliptical. This association is an artifact of the viewing angle, as 
the nucleus is actually displaced out of the plane defined by the arc near the nucleus 
by approximately 3 kpc. The orientation is such that the nucleus is lying in front of 
and obscuring part of the ring. The two dimensional projection of the position of the 
center of mass of the elliptical is shown in Fig. 4.3.1 for reference. The true distance 
• Elliptical 
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Figure 4.3.1: (a) (left) A contour plot of the model disk stars' surface 
density 74 million years after close approach. The linear size of the 
incomplete ring is about 20 kpc. The elliptical is 31 kpc away from 
the disk galaxy, although it appears much closer due to the viewing 
angle. (b) (right) A contour plot of gas surface density (ie, gas density 
integrated along the line of sight) for the model disk galaxy at the 
time corresponding to that in Fig. 4.3.1 (a). The regions of greatest 
three-dimensional gas density coincide with the regions of strong shocks, 
which are indicated in the diagram. We note that the overall density 
distributions of the stars and gas are similar. 
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the two centers of mass is larger than appears in the figure as the elliptical lies mostly 
in front of the disk galaxy. 
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Figure 4.3.2: A map of optical contours of Arp 14 7 taken from Schultz 
et al. (1991 ). From color-color diagrams, they deduced that active star-
burst activity is occurring along the northern and southern quadrants 
of the ring, marked A and D. The oval represents the IUE aperture for 
the data taken by Schultz et al. They found no evidence for recent star 
formation in this knot. 
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The ring has an apparent major axis of about 20 kpc. The centers of the two galaxies 
have a projected separation of 21 kpc (from the "center" of the arc to the center of mass 
of the elliptical) and a line of sight radial velocity difference of 362km s-1. From the 
chosen viewing perspective, almost all the velocity differential between the two galaxies 
is along the line of sight. The side of the arc near the companion is receding, the 
opposite edge and the elliptical are approaching. The maximum recessional velocities 
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in the model occur in the northwest portion of the arc in Fig. 4.3.1 and the peak 
velocities towards us are opposite that, along the southeast part of the arc. 
The sign of the relative velocities of the companion and the opposite sides of the 
ring are consistent with observations by Theys & Spiegel (1977) and Jeske (1986). 
Theys & Spiegel quoted a velocity difference across the ring of 150 km s-1 along the 
line connecting the ring center and the companion, compared to a 220 km s-1 difference 
in the model under discussion. Jeske fit a circular ring model to optical emission data 
and derived an expansion velocity of 136km s-1 and a rotation velocity of 137km s-1, 
compared to deprojected values of approximately 140km s-1 and 150km s-1, respec-
tively, in the present model. The companion is moving towards us at 290km s-1 in 
the model compared to observed values of 125 km s-1 (Theys & Spiegel 1977) and 
200km s-1 (Jeske 1986). 
The gas surface density contours shown in Fig. 4.3.1 (b) are obtained by projecting 
particle positions onto the plane of the chosen "sky" and smoothing the mass distri-
bution onto a grid. The maximum surface density of 1.2 x 1022 amu cm-2 is found at 
the location of the nucleus. Secondary peaks occur in two "wings" on opposite sides 
of the nucleus and have peak gas surface densities of 1.1 x 1022 and 1.0 x 1022 in the 
north (leading) and south (trailing) wings, respectively. 
In contrast to the gas surface density, the gas space density in the model is not 
greatest in the nucleus. The galaxy disk and nucleus are no longer confined to a plane 
and the gas contributing to the high gas surface density in the nucleus is spread along 
the line of sight when displayed in three dimensions. The gas space density is greatest 
in the "wings" on either side of the nucleus, with the maximum of approximately 
0.9 amu cm-3 occurring in the north (leading) wing and a secondary maximum of 
approximately 0.4 amu cm-3 occurring in the south (trailing) wing. Strong shocks are 
also taking place in the high space density regions, with most of the vigorous shocks 
occurring in the wing on the north. 
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4.3.3. Discussion and Conclusions 
Arp 147 is taken as a prototype of the RE subclass of ring galaxies (see Theys & 
Spiegel, 1976) and compared to the model. However, several aspects of this system 
are unknown, such as the mass ratio of the galaxies and the orbital parameters. The 
model, therefore, cannot be an exact match to this system but it is analogous in many 
ways. The aim in this section is to understand some of the generic features of this type 
of system and of the galaxy collisions which produced it. 
The observed aspects of Arp 147 which should be emphasized are, 
1) the arc structure observed in both the stars and the gas, 
2) the apparent lack of a nucleus interior to the ring structure, 
3) that the brightest knot in the ring (near the region labeled C in Fig. 4.3.2) has been 
identified as the nucleus of the disk galaxy by Schultz et al. (1990, 1991) because of 
a lack of active star formation, as is shown by both IUE and photometrically derived 
color-color diagrams, and 
4) that two extended arcs of intense star burst activity have been observed by Schultz 
et al. (1990) in the regions marked A and Din Fig. 4.3.2. 
In comparing the model to the Arp 147 it is found that the knot identified as the 
nucleus in the real disk galaxy is in almost the same location as the nucleus in the 
model. Further, both rings have one axis longer than the other with the short axis 
pointing toward the companion. The ring in Arp 147 is less elongated than that in 
the model, and a simulation with the collision slightly closer to the disk rotational 
axis would likely produce a better fit to the observed morphology. The model gives 
a reasonable fit to the kinematic data as discussed in the previous section. Thus, in 
summary, a reasonable agreement has been found with the observed morphology and 
velocity data. 
In the model both the stellar and gas surface densities have a strong peak at the 
location of the remnant nucleus, suggesting that this would appear as the most luminous 
region. However, it is found that the three-dimensional space density of gas is not 
strongly peaked near the nucleus, nor are strong shocks occurring there. Therefore 
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the model would not predict much current star formation in this region. In contrast, 
the model gives relatively large gas space density enhancements and regions of strong 
shocks in two arcs on opposite sides of the nucleus. Schultz et al. (1990) interpret the 
photometric colors observed in portions of the arc along regions B and C (Fig. 4.3.2) 
as indicating that a starburst had occurred there, but has since subsided. 
Taken together with the observations, the model is consistent with the hypothesis 
that star formation is associated with regions of high gas density and strong shocks 
which form solely as a result of the dynamics of the interaction. The star formation 
burst sequence in Arp 147, as inferred by Schultz et al. (1990), began along regions B 
and C (Fig. 4.3.2), but has since died out there and is currently occurring in regions A 
and D. Similarly, in the models, gas density first peaks in an arc near the elliptical and 
later has maxima in two "wings" as described previously. Observations and models 
are consistent with the interpretation of the brightest knot in Arp 147 being the old 
nucleus of a disk galaxy, having an old stellar population with little or no recent burst 
of star formation. 
The model detailed in this section is only one of the limited survey of off-center 
collisions of Section 4.2. The formation of a full or partial ring with two regions of 
high density on opposite sides of the nucleus appears to be a generic feature of these 
collisions. Using the analytic results for guidance, we are now in a position to use these 
computational techniques to model specific systems, such as Arp 147, II Zw 466, II 
Hz 4, and the Vela object. From the models the location and magnitude of density 
enhancements and shocks can be obtained and then compared with observed locations 
of recent and vigorous star formation in the galaxies. 
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4.4. Comparison of Analytic and Numerical Models 
In this section a connection is made between the analytic treatment of Chapter 
2 and the simulation results of the previous sections of this chapter. The analytic 
expressions provide insight into phenomena observed in the off-center n-body /SPH 
experiments. 
Comparison of the behavior predicted by the analytic models with results from 
computer studies reveal the conditions under which the impulse approximation is not 
valid (as in slow collisions of relatively equal mass galaxies), when and where the self-
gravity of the disk becomes important, and how gas dynamical processes can play an 
important role. These latter two factors are likely important for determining the sites 
of star formation bursts in these systems. 
In the subsequent two sections, the analytic model is first compared to a full dynam-
ical simulation in the weak interaction limit where the impulse/epicycle approximations 
are expected to be valid and then results obtained from the analytic expressions are 
compared to the strong collisions of Section 4.2. 
4.4.1. A Weak Collision 
As an example of how a self-gravitating disk behaves differently from the kinematic 
model one particular model is examined in detail. The behavior predicted by the 
analytic model is compared to that of a self-gravitating n-body /SPH simulation. The 
initial behavior of the galaxies is shown to be similar to that predicted by the analytic 
model. At later times in the evolution of the disk, self-gravity becomes important in 
amplifying density enhancements. Gas piles up where orbits cross since, unlike the 
stars, fluid elements are not able to freely flow past one another. These regions of high 
gas density are likely to be the locations of active star formation. 
The chosen model has 2GM/Vbvc = .2, 1' = 0.2, and 'r/max = 2.2. If parameters are 
scaled so that the disk galaxy resembles the Milky Way galaxy this model corresponds 
to physical parameters of Vc = 220 km s-1, b = 8 kpc, Rmax = 17.6 kpc, M = 1.8 x 
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1010 M0 , a = 3.5 kpc, and V = 580 km s-1. Note that these parameters are very 
similar to those used in Gerber et al. (1992) and RING3 of Section 4.2 except that 
the intruder mass is reduced by a factor of approximately 10. If it is assumed that 
the disk's constant circular speed is produced by a singular isothermal sphere density 
distribution, the mass interior to the edge of the disk is approximately 10 times the 
mass of the intruder. The rotation period of the outer edge of the disk is about 500 Myr. 
In all figures the disk rotation is counterclockwise. 
4.4.1.1. Kinematic Response 
In the first panel of each row in Fig. 4.4.1 is shown a time sequence of the disk 
response to the above perturbation as given by the analytic model. The figure appears 
at the end of this section. By T = 0.10 a prominent arc has formed and a careful 
inspection of particle orbits in the vicinity of the arm reveals that particles that initially 
lay on a common circle have crossed the orbits of particles that were originally further 
out in radius. This crossing occurs in part because the epicycle frequency in the disk 
is larger at smaller radii so that stars near the center of the potential begin moving 
outward while stars further out are still falling in. This will have consequence when 
gas interactions are considered in this region (see Section 4.4.1.2). If these particles 
represented gas they would not be able to stream freely past one another and would 
interact strongly. 
The arm continues to unwind in subsequent rows in Fig. 4.4.1 and a low density 
region forms interior to the arc. At T = 0.30, there appear to be two arms on one side 
of the disk, bracketing a region with very few stars. The prominent features at T = 0.51 
are a diffuse single arm which loops toward the bottom of the figure and an inner arm 
with adjacent low density region in the upper left hand quadrant. 
By this time, about 250 Myr after impact, the intruder would be about 150 kpc 
away and might no longer be identified as a companion. Nevertheless, strong kinematic 
patterns which were caused by the interaction remain in the disk for many rotation 
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periods. Definite patterns persist until about T = 30, or approximately 1.5 x 1010 years, 
comparable to the age of the universe. 
Insight can be gained into the process which forms the first prominent arm by ex-
amining a small number of rings of particles as shown in Fig. 4.4.2. Notice in particular 
the second ring out at T = 0.05. The kink forms due to the differential angular momen-
tum impulse delivered to particles on opposite sides of the horizontal axis. Particles on 
the side of the impact in the direction of rotation (upper-right quadrant in the panels 
of Fig. 4.4.2) lose angular momentum as a result of the impulse. In this approximation 
they instantaneously find themselves moving too slowly to maintain a circular orbit and 
begin to fall inward. Particles on the other side of the impact point receive an angular 
momentum boost. They respond by moving outward in radius. All the particles at 
the same radius get an azimuthal velocity impulse directed toward the impact point 
so there is also a compression along the ring and the density increases near the kink. 
The arm begins to grow as the locus of these kinks and by r=O.lO orbits are crowding 
together and can be seen to cross one another at T = 0.15. 
4.4.1.2. Dynamic Response 
The dynamic response of the disk to the collision is studied using the computational 
model described in Chapter 3. All components- the disk stars and gas, the disk galaxy 
halo, and the intruder stars- contribute to the gravitational potential and are free to 
respond to the time-dependent forces generated by that potential. 
The computational model galaxies correspond closely to the analytic model just 
discussed, but there are some differences. The computer model's disk rotation curve 
rises from the center, reaches a peak value at about 2 radial scale lengths and then slowly 
falls out to the edge of the disk, unlike the constant circular velocity model assumed 
in the analytic treatment. The chosen King model's mass and radius yield a potential 
that closely approximates the potential form of the Plummer model given previously. 
The dimensionless combination of simulation constants 2GaMKing/bVmaxVc,avg has the 
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approximate value 0.2. Here MKing is the King model mass, a is a constant of order 
unity (1.24 in this case) that is used to scale the King model potential to that of the 
corresponding Plummer model, b is the distance of closest approach of the two galaxies' 
centers of mass, Vmax is the maximum relative velocity of the centers of mass, and Vc,avg 
is the value of the circular rotation speed averaged over the disk stars. 
The distribution of gas and stellar particles are shown projected onto the x-y plane 
in the second and third panels, respectively, of Fig. 4.4.1. Only disk particles are shown 
and rotation is counterclockwise. Time is reckoned from the time of close approach of 
the two galaxies' centers of mass. The r given in the analytic expression corresponds 
to 265 units of simulation time, T, or 530 Myr. 
Caution should be used when interpreting the SPH plots in Fig. 4.4.1. Each particle 
has (in principle) a different mass, so regions of high particle density do not necessarily 
indicate a correspondingly high gas density. Rather, it is better to loosely think of 
regions of high SPH particle density as indicating a high density relative to tbe initial 
density in tbe unperturbed disk. On the other hand, the stars all have the same 
mass and an apparent high density does indicate a correspondingly high stellar surface 
density. 
Despite the differences between the analytic form for the disk potential and that 
of the computer model, the behavior of the disk in the latter is similar to that seen in 
the former. At T = 26 the arm-like feature seen at and r = 0.10 shows up clearly in 
the SPH particles and is visible as a broader density enhancement in the stars. The 
arm continues to develop as it did in the analytic model and by T = 81 ( r = 0.30) a 
counterarm has formed that does not have an obvious analogue in the analytic model. 
The self-gravity of the disk galaxy is likely important in the formation of this feature. 
Either a small density enhancement is being locally amplified in the disk (as discussed 
in Section 3.4) or the disk is responding to its own global non-axisymmetric potential, 
the symmetry having been disrupted by the passage of the intruder. Probably both 
processes are at work here. 
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Kinematic features are still quite evident at T = 103 ( T = 0.39). The arm in the 
lower left-hand quadrant continues to be strongly visible in the SPH particles even 
though a strong stellar feature is no longer present in either the analytic or computer 
models. The small spur interior to this arm that appears in the analytic model is 
evident, particularly in the plot of stars. The kinematic model gives reasonable results 
even as late as T = 136 ( T = 0.51 ). The inner arm that ends in the lower right-hand 
quadrant and winds into the nucleus (see the plot of stars) is predicted by the analytic 
model, as is the low stellar density region just outside that arm at the lower right. The 
gap just to the upper left of the nucleus likewise shows up in the kinematic model as 
does the general oval shape of the inner part of the galaxy. A mismatch between the 
form and magnitude of the analytic and computer models' rotation curves becomes 
apparent by the end of the computational run at T = 158 ( T = 0.59); the computer 
galaxy, which has a peak circular speed greater than the analytic model's circular speed, 
is running ahead of the kinematic model, but the general features are still present. 
The ultimate dynamic fate of the disk is uncertain. The disturbances set up in 
the disk could initiate the self-amplification and feedback loop as discussed by Toomre 
(1981) to produce long-lived spiral features (see Byrd & Howard 1992). Even in the 
absence of this mechanism, the kinematic response has a memory of many tens of 
disk rotation periods as discussed previously, which could provide the seeds for further 
growth of disk, instabilities. 
The collisionless stars and dissipational gas respond differently following the interac-
tion and may have differing spatial distributions at any given time. The SPH particles, 
which were initially on circular orbits as were the stars in the analytic treatment, show 
thin features which resemble the analytic model at early times after passage of the 
intruder. The stars exhibit these same features but they are much broader, owing the 
the initial velocity dispersion. When orbits which were initially circular cross, the gas 
is compressed which serves to further enhance the kinematic features in the plots of the 
SPH particles, but also decouples the gas flow from the stellar flow. Neighboring gas 
particles become correlated in phase (position and velocity) space after a momentum 
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conserving inelastic collision and, because of this, features can remain in the gas after 
the corresponding stellar patterns have disappeared. For this reason the plots of disk 
stars more resemble the analytic model at later times after the collision. 
In summary, there is a good match between the gross morphology of the analytic 
and numerical models. Differences show up in the stellar disk owing to its self-gravity 
and velocity dispersion. The gas morphology deviates from the analytic model when 
gas flows intersect. 
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Analytic Model Tau=.10 SPH Particles Star Particles 
Analytic Model Tau=.22 SPH Particles Star Particles 
Analytic Model Tau=.30 SPH Particles T=81 Star Particles 
Figure 4.4.1: Plots of particle positions for the example collision de-
scribed in Section 4.4.1. The first plot in each row represents the ana-
lytic model; the second plot show the SPH particles from the dynamic 
calculation; and the third plot shows the corresponding n-body disk 
particle positions. 
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Analytic Model Tau=.39 SPH Particles T=103 Star Particles T=103 
Analytic Model Tau=. 51 SPH Particles T=136 Star Particles T=136 
... ·, 
Figure 4.4.1: (continued) 
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Figure 4.4.2: The same analytic model as shown in Fig. 4.4.1, but with 
a smaller number of particles plotted. The time sequence highlights how 
the differential angular momentum impulse distorts initially circular 
rings and leads to the formation of the initial arm seen in Fig. 4.4.1. 
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4.4.2. Strong Off-Center Collisions 
The self-consistent dynamic computational results of Section 4.2 can be compared 
with the analytic, impulse approximation predictions of Chapter 2. The morphology 
should be similar, but we can not expect an exact match since, in the dynamical cal-
culations, (1) the disk does respond somewhat during the time the intruder is nearby, 
(2) the rotation curve of the disk galaxy is not constant with radius, (3) the expan-
sion of the disk galaxy's halo has an important dynamical effect on the behavior of 
the post-collision disk, and (4) the small-amplitude assumptions used in the epicycle 
approximation are certainly violated. 
Nevertheless, if the morphology is similar in the two cases, an examination of 
the analytic model may help in the understanding of why the disk has responded in a 
certain way. In addition, the analytic models provide a convenient and computationally 
inexpensive method of searching parameter space in search of a morphology to match 
a given observation. 
Some observed features of the off-center collisions can be understood in general 
terms of the results of the analytic treatment. In Section 4.2.2 it was noted that the 
peak density was attained at later times for the large impact parameter experiments. 
This occurs because inward radial gas flows are the direct result of a central collision, 
while the deformed originally circular orbits caused by off-center collisions intersect 
only after the disk's rotation has had some time to operate. That an off-center nucleus 
is a result of tidal forces is evident from the analytic morphologies. The presence of 
the "hot spots" of high gas density may also have a basis in kinematics, as discussed 
below. 
In Fig. 4.4.3 is shown a reasonable match to the morphology of RING2 of Section 4.2 
(Fig. 4.2.4). The analytic ring model never produces as complete a ring as is evident in 
RING2, but the correspondence between the analytic model and the SPH morphology 
is fairly good. The analytic model reproduces the approximate circularity of the ring. 
The sequence shown in Fig. 4.4.4 has some important features in common with ex-
periment RING3. The initial density enhancement develops the same way in Fig. 4.4.4 
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and experiment RING3. At T=31 in Fig. 4.2.6 the morphology is very similar to r=0.14 
in Fig. 4.4.4. The kink in the disk at the at r=.20 occurs near the same place that 
the large gas density spike is seen in experiment RING3 at T=41, indicating that these 
intersecting orbits are likely responsible for the high gas density there. At later times, 
the analytic model reproduces the gross morphology of experiment RING3 in that an 
open arc is formed. The details, especially in the inner regions of the disk, are not 
similar since the form of the potential is a poor match in the two cases. The disk in 
the dynamic model is able to greatly expand since the gravitational attraction of the 
halo has been diminished by the interaction, while the potential is assumed constant 
in the analytic treatment. 
The analytic expressions give the best match for experiment RING4, as shown in 
Fig. 4.4.5. The two-armed spiral pattern is very well reproduced. Even the dense ridge 
on the leading edge of the upper arm and the dense arc on one side of the nucleus 
(Fig. 4.2.8h) are apparent in the analytic model. At the large impact parameter of 
experiment RING4, the disk halo is disturbed relatively little and the intruder moves 
much more on a straight-line orbit, as assumed in the impulse approximation. 
In Section 4.2 it was shown that the large gas density increases in the non-nuclear 
portions of the disk are created when the center of the intruder penetrates the disk away 
from its center. Strong perturbations occur in the region where the intruder penetrates 
the disk, changing the structure of the orbits. As the intruder leaves and disk material 
re-expands, rings of material which were previously on the same circular orbits become 
elongated and intersect with other rings with the result that gas in these regions is 
strongly compressed. The dense gas is then carried in the direction of disk rotation, 
where it continues to interact with other streams of gas, leading to the formation of a 
"hot spot" of high gas density. Approximately 180° around the ring or arc, a second 
second "hot spot" forms where orbits are compressed and possibly cross as seen in the 
analytic model (see Fig. 4.4.4). Also in this region, the arc is still expanding into an 
infalling stream of material while other portions of the ring are located at the edge of 
the disk. 
Results of Numerical Calculations 
Tau=<J.25 
Figure 4.4.3: The morphology predicted by the analytic expressions of 
Chapter 2 given parameters similar to those used in experiment RING2 
of this Chapter. 
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Tau=0.05 Tau=0.10 
Tau=0.14 Tau=0.20 
Tau=0.25 Tau=0.30 
Figure 4.4.4: The morphology predicted by the analytic expressions of 
Chapter 2 given parameters similar to those used in experiment RING3 
of this Chapter. 
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Tau=0.05 
Tau=0.15 Tau=0.20 
Tau=0.25 Tau=0.30 
Figure 4.4.5: The morphology predicted by the analytic expressions of 
Chapter 2 given parameters similar to those used in experiment RING4 
of this Chapter. 
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4.4.3. Summary 
Comparison of the analytic model of Chapter 2 with a fully self-gravitating n-
body J gas dynamics computer simulation shows that the disk response is largely kine-
matic at early times after passage of the intruder. Gas, which was initially in circular 
orbits, shows a strong density enhancement in the region where those deformed or-
bits cross. The dynamical stellar distribution is much broader owing to its initial 
velocity dispersion and collisionless nature. At later times (a significant fraction of a 
rotation period of the outer edge of the disk), the self-gravity of the disk, which was 
only marginally stable in the first place, can become important in amplifying density 
perturbations. 
It is expected that star formation is triggered in regions of strong gas interactions, 
such as the regions of orbit crossings. Gas particles collide inelastically in these regions, 
which produces large density enhancements and decouples gas from the flow of stars. 
This separation of stellar and gaseous density enhancements leads us to predict active 
star formation can occur in regions where there is presently no significant underlying 
old stellar population. 
Chapter 5. 
Summary 
193 
The response of a disk galaxy when it interacts with another galaxy at near normal 
incidence, producing rings and arcs in the disk has been studied. A first step toward 
creating a bridge between numerical models and observations of actively star forming 
regions in ring galaxies has been taken. Regions of high gas density and shock formation 
have been identified as potential sites for enhanced star formation rates and specific 
predictions have been made as to how the location of these regions relate to the overall 
ring morphology. Observations of a limited number of ring systems appear to be in 
general agreement with the generic finding presented here. 
Further progress demands that models of specific systems now be undertaken. Then 
it will be possible to make detailed quantitative comparisons between the the magnitude 
of gas density increases and star formation activity. 
The primary accomplishments and results of this thesis are: 
• The derivation of an analytic kinematic model, which shows that the the 
morphological forms found in other n-body experiments can be understood 
in terms of stars executing epicyclic oscillations after receiving a velocity 
impulse from a second galaxy. Use of these analytic expressions provides 
a convenient and computationally inexpensive method to search parame-
ter space in preparation for full n-body/ gas dynamics models of observed 
systems. The disk response is characterized in terms of a "strength" param-
eter, the impact parameter, and the central concentration of the intruder. 
Distant encounters produce transient two-armed spiral features, collisions 
through the outer parts of the disk make one-armed spirals, and central 
collisions produce rings. 
• The construction of a disk/halo galaxy with stars and gas was accomplished. 
This galaxy, when isolated, remains in a steady configuration for periods 
Summary 
longer than those considered in the collision experiment. It can therefore 
be used as an initial state for modeling interacting systems. 
• In an axisymmetric encounter the formation of a large-amplitude expanding 
ring with significant three-dimensional structure was found. The disk is 
warped considerably out of the plane of the original disk and the nucleus 
is dislodged perpendicularly to that plane to a great enough extent that it 
can appear off center from a relatively modest viewing angle. The ring has 
a complex three-dimensional morphology and it is shown that the three-
dimensional gas density at some locations in the ring can be significantly 
greater (or less in some instances) than surface density measurements would 
otherwise imply. The shock that forms during the expansion does not occur 
on what would appear to be the outer part of the ring when the disk is 
viewed face on. Non-axisymmetric structure appears in the ring which is 
believed to be due to a Rayleigh-Taylor instability in the gas. This effect 
could gather star-forming clouds and contribute to the knotty structure seen 
in ring galaxies. 
• Non-central collisions are found to produce asymmetrical rings and stronger 
compressions in the gas than in the axisymmetric case. The largest densi-
ties in the evolved ring or arc structure are found when the center of the 
intruder galaxy penetrates the disk about half way from the disk center 
to the disk edge. The development of two "hot spots" of high gas density 
is a generic feature of the off-center collisions. These regions are approxi-
mately diametrically opposed to one another, with the densest one nearer 
the nucleus and offset around the ring in the direction of rotation. If star 
formation bursts are associated with regions of high gas density and shocks 
then there should be a correlation between overall morphology and the loca-
tion of active star forming regions. The ring morphology as traced by young 
massive stars should be highly influenced by collisional gas interactions in 
the interstellar medium. Kinks and other asymmetries mark regions where 
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the strongest shocks have taken place and are identified as likely locations 
of enhanced star formation activity. Comparison with observations of a 
number of systems appear to support this hypothesis. 
• When a specific model is compared to the galaxy Arp 147, the model is 
found to be consistent with the hypothesis that star formation is associated 
with regions of high gas density and strong shocks which form solely as a 
result of the dynamics of the interaction. The star formation burst sequence 
in Arp 147 follows the sequence of gas density increases in the model. 
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